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MONC RIEFF THE PRACTICAL | COLUM 
and should not be limited to the case of ani ander 


3. The ensoning and the for: mulas should be sufficiently : simple = 


to be understood by other: than expert mathematicians, 


and should be for use in every- engineering 


The theory must show agreement with, and be reasonable 


explanation of, the results of practical experiment. 
= The formulas | should i in practice be a applicable generally | to i. 


a Empirical factors should be seid to a minimum. 
The simple theory and formulas which are set forth in this meee 
fair compliance with the foregoing ‘Tequirements, ,and it is 
“hoped tt that they may nay assist tthe practical engineer to a better 


underlying hich the reasoning is are, 


a) that ; a perfectly centered column of perfect material and eon a 


ness is an ideal conception seldom or never real 
that the various disturbing influences preventing the ealantion are 


practically all capable, « as regards their ultimate et effect, of being 


represented by an equivalent eccentricity of loading. 


Any theory based on th n these ought to be ‘identical i in its 


mes 
Christie, Soe. C. E., the late Charles A. Marshall, M. 
Soc. C. E., M. Considére, and Professor Bauschinger, each each of whom 


found that | axis. of resistance = a did not neces-— 


A. 


felt for for the axis in to obtain a higher strength 


or the column | under trial, and found that it was was quite e possible fora — 


Sl to show higher strength when n apparently loaded eccen eccentri 


as compared ¥ with the strength when apparently loaded exac exactly over — 


| 

4 

a 

a 
| 
a 

lm 

a a perfect material and straightness, when the factor representing eccen- = =a Zz 
The assumption of the principle of equivalent eccentricity receives 
: 
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the geometrical is. Mr. Christie’s: Mr. y ‘Principal 


tests w were both, 
attempts to feel for the e physical a axis were supplementary. 


arriving a at some idea of what that value should be. 


It became at once apparent, | from a comparison of the tests by 
different experimenters, | that isolated tests or a set of tests 


only a small r 


to radius of gyration, or ing as ‘number of tests at each 

ratio could in themselves afford no reliable for use in practical 

work, 


also became most clearly evident that any conclusions: 


3 from experiments must make full allowance for the possible or weal 


4 able history of the material « of the e column during its manufacture 


and during its preparation for the testing machine. hin 


rm. Many of the causes of the div vergence of practical experiments mfrom : 


¢ the theoretic ideals have been incidentally. alluded to in able papers 


3 and ‘discussions on the of column resistance, but, 
= frequently, too much emphasis has been laid u upon the v: variable nature 


of th the material— —excepting perhaps in the case of of timber—and, on the 
7 other hand, too little nan been credited to the probable history of eae 


a material, and to the influence o of ‘apparently insignificant initial curva-— 7 
a tur ture in the specimens, or small errorsin setting in the testing 1 machine. $ 
a The divergence alluded to may, with probability of truth, 


partly credited, in the case of w wrought i iron and steel, to the effects of - 
thei inevit ritable cold- te to which every y bar, plate, or 


> - first difficulty in its application to the case of columns under appar- — 
ently central loading is the value to be assigned to the equivalent 
a 
ike 
4 
a 
a0) 
| 
in ordinary construction, and to a still greater degree before being ra 
ut into a testing machine as a properly prepared s ecimen. 
‘e a _ It cannot be too clearly realized that the material used in every-day - a ar 
construction is in anything but an ideal s regards freedom 
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from internal stresses, ond as sialic uniformity of elastic resistance 


internal 
in its detailed sections. 


This | is ce thing from a assuming + that material of 


similar history and | of the same class var varies very widely in its compres- 

sive strength, or in the alue c of the modulus 0 elasticity. es a 


| Striking instances of the influence of history have been given by 5 
Sir Benjamin Baker, Hon. M. Am. Soe. C. E., in the case of experi- — 


-ments which he carried out on solid, ‘mild- stead colu , 30 diameters 


: in length, showing that the re varied a ra to p 


= Tonsper 
square inch, 


treatment, as follows 


8 


material the limit of lant, and, without this overstrain, 


astl 


ness the fibers overstrained in tension, is lowered very 


ny. 


regards: resistance to compressive stress, and the fibers ¢ overstrained i in 
‘a com yression are affected similarly as regards their resistance to tensile 
reg tensile 


In- addition, permanent internal stresses, both tensile and 
compressive, are ‘set up in the ‘material, , and these are neither 


nary nor insignificant. 


_ A direct consequence of this interference with natural ins 
that the physical axis, or the axis | passing ‘through the center 
resistance of every y section of the column, will not be coincident lent with 


: (the geometrical axis, and in forming a mental conception of the 


= 


ns, we are driven to the con- 


physical axis under these artificial condition 


clusion in practical work can rarely, if. ever, be a straight line. 
oe a If these deductions be extended to the case of short test-s -specimens _ 


' under compression, how is it to be expected that accurate determina- 


: Minutes of Proceedings, Institution of Civil Engineers, Vol. xeii, 


+ Transactions, Am. Soe. C. E., Vol. 


di 


— 
a 
revious 

ss ' There are also a number of references to the influence of history in : i ee 
| _ James Christie’st papers on the strength of iron and steel iii 
4 
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on THE PRACTICAL COLUMN. 
tions of the natural elastic compressive strength can be der ived from : 
specimens cut from a portion of the material which | may previously — ‘3 i 


have been subjected to straightening. Other ‘portions of the 


same piece may not have beeni in the straightening press, ond it would 


then be them to show a higher value of clastic 


the case of built columns, the of the of 


which requires -Tecognition. Every practical constructor knows that 


= in riveting ups a member by hydraulic machine- -riveters, the various 
4 parts have. a tendency to stretch out and : wp past each ¢ other, some- 


to "prove the of heavy internal stresses in the 


In ‘symmetrical, sections the effect of the riv eting down one 0 side 


will be apparently neutralized by the subsequent riveting | on on the 


other; but ia. in an an assemblage of plates anil angle bars, or other sections, 


- as ‘already re remarked, the plates and bars often s stretch or creep in 
different 80 that, although 1 the r ‘resulting ‘member 


J existence ofs severe artificial stresses. 
Among the instances of this which have occurred in the writer's 


br 


a experience, one, in connection with a bridge over the River Ty ne, 


England, m may be mentioned. 

order to > guard against t this tendency, the writer 


"after h having be aan up in lengths i in the con- 
tractors’ yard, to ensure that the butts should bear 


on each ther the full | 1 sectional are 


members, 


These co 
Fronenis in Fig. 1, and the total peg of eac 


lumns are eruciform section, as 


individual bar and plate were machined to a very good fit before riv ete 


carried out in the contractors’ y yard, and ‘instead, the ends 


a riveting 1S another outside influence on the Condition of the Materia 
in 
{ 
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rivets. were then put i in to hold the: 


re with throughout the length ‘of 27 ft., and on its competion 
it was found that the angle bars | and plates had crept past each aly 


in vary ted degrees, so that the previous careful fitting was of x no avail, 


-plate en ends swere 


also found to be hollow t in the half- -width of 


column between the nate ‘bers, and the points to to the 
- fact that internal stresses must exist i in the column as made .- 9 


The columns appeared to be quite: e straight and true as & whole, 


and the material of the pero and angles was all made and tested 


nder the same specified | requirements o of tensile e strength, 28-to 32 tons 
(2.240 Ibs.) square inch, with h ultimate elongation of at least 
in Sins. material i is open- acid- steel, throughout. 
In the case of cast-iron columns, of cou course, ‘cold- straightening 
or machine- -riveters- do not enter as disturbing influences, but it is 


hardly necessary to point out the probably similar influences | due to 


ne the hidden defects a and internal stresses known to exist more o or bis 


The other influences ‘to which the writer referred, i. a, t the 
ence of initial curvature or small errors ‘in setting | specimens. in 


‘the e testing machine, have by no means an insignificant value in the the 


results obtained in experiments on “centrally ” loaded columns. 
Mr. James Christie, in ‘paper* * entitled Experiments on the 


Strength of Wrought- Iron Struts,” remarked that his specimens were 


=) practically straight, but careful measurements revealed the existence q 
of small amounts of initial curvature. e. These measurements are 
recorded. in his tables of results, and the calculations | of deflection mo 


hereafter giv en will show that they had ‘an appreciable influence on 
the strength of of the the specimens. Charles A. A. Marshall’ tests also 


- valuable evidence i in the « e same direction. 7 


-monstration i in 1 the tests a by Mr. Christie pay Mr. “Marshall, ‘and ales 


in those by Professor - Bauschinger, s since moving the specimens very 


small distances from their original positions had had great influence on ti 


— 
ing was cor iii 
— 
— 
ja 
. 
= and the joint had to be re-dressed by Dand 7 

- 
— 
— 
= 
a 

4 

columns in the testine machine received most definite nractica 
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view of these preju icia it can no matter 


es _ surprise | that such wide diff 
‘under ler apparently identical conditions, by the same experimenter, on 


‘the same material and with columns of precisely the same pr oportions. _ 
Iti is however, that a attem are made to express 


WwW hat would be thought of whe: ‘used iron 
a mild steel in indiscriminately, in a bridge or other | structure, after strik- 
inga an average betw een me tensile strengths of the two materials as a 
basis up upon which to determine the sections of the tension members? ; 


to ascertain within what limits we may reasonably expect the strength | a 


of co columns to lie, and then to base our estimate of probable atte syd 


n the lower limit 80 
No: reference i is here intended to be made tow yhat would be aie 7 


in practice. al Iti is surely a much more vations! and scientific procedure - 


defective « columns, in in any Tespect, but only to oteam which ai are in 
every practical se sense believed tol be above suspicion. 7 The enuncia- 


of the principle that the strength of columns of any given material 
_ cannot be e represented by any single-line formula, but must be ex- 


"pressed by an area within which the ‘results of may 


expected to lie, was, the writer believes, first ‘made by Professor T. 
Claxton Fidler, C. E., * ascribing the in column 


“diagrams ac ng thin pen paper, writer 
every te test wherever possible, provided n no circum 

the case Professor or Tetmajer’s tests, the records of of t= consider: 


“between maximum and minimum results would somew what 
more than shown. In all other cases, _ however, it is believed that 


every result plotted on the diagrams refers to a single experiment. ome, 
* “Op the Practical Strength of Columns, and of Braced § Struts,” Minutes of E Pro- 


ceedings, Institution of Civil Engineers, Vol. Ixxxvi (1886). 


— 
| 
] 
= 
— 
7 
= 
q 
* 
4 ¥ two. specimens, so that those diagrams on which Tetmajer’s tests are 
— 
j 


i 
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As far as the: writer i is aware, , Hodgkinson’ s tests of columns of Low > 


Moor, ie 3, cast i iron pend of wrought i iron, » with both ends rounded or 


Hodgkinson’s ‘other experiments on cast- iron also 


on a diagram which further reference will be made, but 
these tests were on specimens of various kinds of cast iron, -— by 


+ 


themselves could form no reliable g guide, ‘although, together or with > 23 
Hodgkinson’ experiments on Low Moor, No. . 8, cast iron, they have a 
va 


ine practically the only basis for the the design of ae iron m columns ) 


for the last fifty years; ; and extensive tables of the strength of cast- 


columns, based on them, and calculated from Gordon’s or 


8 formulas, arc are to found in nearly every 


‘clearly the differences between the various alee’ their relation 


to the calculated c curves derived from the writer’s s formulas. it would . 


have been easy to have chown an apparently better ames ia 
adopting other proportions for the diagrams. 


‘int the first st place, and a afterward toc compare are them with t the results co 


nearly all the more important series of tests “hitherto 


at 


‘under load, and the deflection will increase in a much | more rapid 


- still further to increase deflection. Iti is this last fact which makes aid 
column of of moderate 80 — sensitive tosmall deviations 


of that column under given” conditions. -deffection of 


oe a it is s therefore © necessary t to develop first a formula to express the defiec- y 


transy erse stress. 


= 

= 

— 

— 

— 

OT Cast 1ron, wrought steel and tim 

— 
im 

im 
Ponder fo arrive af an expression for tha ctranoth of anv 

= 

' — 

tion are therefore the same as for a beam under > 
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The probable deflection of a solid beam subjected to “bending — 


‘motnents can be determined very simply, with all 1 necessary practical 


accuracy, if ther relations existing be between the stress diagram and the 


resulting deflection are made. use of. * 


—_ 


_ These relations apply ¥ with equal, correctness » the case of a column. _ 


uniform section, aad let Q R be the ~ 
of bending regular or irregu- 
dari in 0 outline. Let I= moment | of inertia of 


we 


modulus of elasticity of the material used. “oa 


‘Take ‘sections at distances x ond a+ from the ‘point P at the 
extreme outer end of the cantilever, and ‘let it be required to find 
the | e defiec tion of the point P below the point 7 at the center of 
caused by the stress existing ‘the ‘two sections, which are 
farther supposed to be exceedingly close’ together, so that 8 is very 


" i‘. small ll compared to x. a This being so, the the bending moment on the canti- ae 


lever between the two sections may, W ithout appreciable error, be | 


assumed ai as uniform for the le ength 8. » 


_ Then, if MM) be the bending moment at the sections considered, al 


¢, e the distances of ‘the extreme fibers from the neutral axis of the 


— the common formula for the stress in a solid beam. 


resulting extension—or compres- 
810 


ion—of these extreme fibers will be 
4s and the point 


sections, the resulting stress in the fibers will ill be 


UNDEFLECTED \ 


sh own in Fig. 3 by dotted Mees, it 
3 ise clear that, if we reduce 7 to an ex- Fia. 3. e 
ceedingly small quantity, , Since the angle subtended 


is wery small; and therefore 


@ He Be ~ TE = 


** Theory of Solid and Braced Elastic ee ” bv W. Cain, M. Am. Soc. C. E., 1879. 
and Continuous-Girder Bridges.” by T. C. Fidler, Minutes 
Civil Engineers, Vol. xxiv, 1883. 


7 
ay. 
ea: 
wae 
a 
| 


have here only with the 


moment and stress existing but the een tl the two sections, 


the sum of the values of — petween the points P and 


The numerator of this is simply ¢ the moment of the an area. 


cof the diagram of bendin 


__A 


is salva ays practically very y small, co » compared to the length of the pra 


absurd and improbable e extremes. _ The relations 
wou would 1 not, of course, apply toa girder with 


deep braced web under heavy shearing stresses, 


dete is very ysmall onmgane d to that due t to transverse 


4 bending; and, in the case of columns, whether solid signs 


with braced webs, the shearing are much 
Jess than are usual i in beams. 
Itisa simple matter to apply the foregoing rela-— 


tions to the case of a column under eccentric ic load, 


with ‘round or perfectly free pivoted ends. Let 


Q R (Fig. 4) represent the axis of a column of length 4 


i acted ‘Upon | by forces P acting at a distance e from ‘Fig, 


the axis at its ends, with s a resulting | deflection A at the center of 


column’s length. 


and the length l marked thereon to me considerably 


q the difference in in an actual test be very 
and 1 would 1 not affect the reasoning to eciable 
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= 
3 other sections, and the total deflection caused by the ben ng 
moments along the whole length / of the cantilever will be 

where A = area of diagram of bending moments; on 
— X = distance of center of gravity of this areafrom the point P, ai ist is 

to be remembered that the deflection to be dealt with in 

Pres, 

: eZ 

== 

the — 

i= 

» 


MONCRIEFF ON THE PRACTICAL COLUMN. 


- 2 action n of the end forces PP, and, treating each half of the column a as 


cantilever, the from the to tho bent at its 
ren 


bending s produced by the eccentric load with the de de- 


theoretically, to know nega aneiee of the curve of the bent 

_ column, as the bending moment at any point = P (e + 4’ )s where 4’ 

is the deflection from the chord line at that t point, | but we are > mainly 


these are maxima, i. at ‘the center of the length, and the 
central deflection is s the very quantity - that i is sought. i 
_ Practically, howev ever, it is is of small importance to huew the precise 
nature of the curve, considerable divergence from ¢ theoretic 
‘ accuracy in our knowledge of its true character makes but a trifling a 


difference to > the final result, as may be be proved easily by assuming i 


@ if the e oneal of loading w were sre indefinitely small, the curve would | 


If the bending moment were  perfeotly uniform for the full length 


bea a cur curve of sine tual cur rve is 8 somewhere bet; between these, 
and depends on the ‘amount t of eccentricity, and, as the deflection of 
4 columns in actual test or . practice is very small in comparison on with the 
— column length, it is sufficiently accurate for all practical ‘purposes to 
q assume the curve tobe a parabola, which will, under actual conditions, ‘ 
differ in an exceedingly small degree from the ‘curves s of both of the 
extreme conditions mentioned. \ 
Under: any circumstances, the area of the bending moments 
_ for the half length of a a column, apm as s shown i in Fig. 4, will be a “a 


A= (P xex 


when 4 yis is a coefficient expressing ¢ mean deflection in terms of the. 


— 
= _ figure included between the curve of the bent column and the line of 7. a e. 
center will be 4 = whenequilibrium is established between th 
| 
= 
= moment of this area around the extreme end of the column will be 


wisa ent in terms of 


of the center of gravity of the portion of the moment diagram — 


betw een the ‘chord and the. ot ‘the bent column, i. @., that portion 


fore 


is parabola, ‘the corresponding ng values of. y sand « will be 


=, and 


inspection of these formulas at once ‘shows: that any y column, ot 


‘whatever material, with both ends round, and with the eccenteiathy of 


loading reduced to an exceedingly small degree, in 1 fact, to as small an 


amount as we can form any conception of, so long as it has a positive 


be value, would tend to have an infinite deflection, and therefore re fail 
absolutely, a as soon as the denominator of the ‘right- hand member of 


and the ultimate load would therefore 
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| 
Te “expressing the distance from 
or the Moment diagram due to denection. a if 
and substituting these v: tion (1), we have as a 
2 
— 
f 
4 — 
— 
— 
— 
€urve of the column when bent being a. curve of sines, the values y 4 


veer 


80 that by 
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v and substituting these in the equ ion, we : 
have as the ultimate load of the ideal column Ww ith both ends round — 


based on athe curve ¢ of t the column being as 


a 
_ being a parabola, even to the ideal e extreme, we would make a an 
_ the safe side of only 2.73% below the theoretic truth ; 
in the estimate of load, and a small amount 
eccentricity, such we may reasonably expect = 


centrally- loaded columns in actual 


we ould ‘reduce this | already small error error to still 
smaller and practically inappreciable dimensions. 


a It is clear, therefore, from the foregoing, that the . 


2 formulas for deflection, ‘whether in the general form 


correct theoretic principles, and are of correct form. 


Ww e have dealt hitherto with the case of a , column “jas 
supposed to be absolutely ‘straight before loading, 


(2), or in the suggested practical form (2), are based Lon ’ 


it remains seen w rhat in influence a small of 


2, Figs. 5 6, represent the versed sine of an 
initial curvature, whether outwardly visible - not, in <= 


. 6 the axis of an eccentrically loaded d column it —~ 5 


have positive value, Fig. 5, or negative ani Fig. 6, 
relatively to the eccentricity e with which the load is 


Let y, and be functions with regard to the are 


enclosed betwe een the initial curve of the column an 
ch chord line, of similar character to y and : already adopted with 


bear | similar relations tor © and y and « x to 2 4 ih 


a 
; 
sumed 
instead of General Equation (1), with the correct values of y and z, the 
anniving the acenmntion ac to the evrve of tha column 
— 
7 
“4 
a 
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Then, whatever be the precise ) character of the initial curve and the — 
flection curve, using the same reasoning as before, we have 
central deflection due to te 


and therefore 4 = §EI—2Pl'y 


This, would give minus value, to 4, if the “quantity: 2y 


de 


in n value than e, but this would ae mean that the deflection would ; 
take place in the opposite direction to that in which e alone would | a 


_ cause itt to bend. / It must be kept in view that we are dealing with © 
small amounts: of initial curvature, shown in exaggeration in 1 Figs. 5 


6, for the sake of clearness. wee 


-. = In the case of Fi ig. 5, where the initial curvature is positive with — 


-yegard to the. eccentricity, i. e., acts with the eccentricity to increase 
deflection, the diagram of bending moments increases with the load 

ae ‘imposed from the area bounded by ‘the > straight line joining ‘the end y 

- nm forces P P, and the initial curve of the column, , to the aren bounded 


by the line j joining and the curve of the deflected 1 column. 


ber bending moment at thee center r of thec column length i is 
(e + increasing, as the column deflects under load, to P (e 


+4 4). In the case of Fig. 6, the conditions are altered by the initial » 
curvature acting against t the and the primary bending 


og 
influence of or happens tc to be in producing the deflection A, 


comparing (3) with (1), it will seen that 

an initial curv ature has an influence sim similar to an equivalent value of © 


ty of loading, and the term (e4 ts 2. OP x, v) may be replaced by | 
as single term represented by © ein those columns for which w we cannot 7 


ps determine precisely the correct value e and v, such as the presumably 


“centrally loaded column of ordinary ‘material. =. 
Substituting the symbol « for e in Formula (2), we we then have 


: 
J 
| 
fia 
| — 
{ — 
1 — 
iim 
— 


for the deflection of columns Spparently 


—<dIt must at once be “recognized that it is practically impossible to. 
ssign any value for ¢ beforehand, for any particular column, for reasons 


already given, 
The foregoing reasoning will explain how it may - easily happen that 
ss - two columns of identical dimensions and of identical material, as far as 
- we are able to determine, might give very different results j in the wad 


ing machine, by one having the internal » acting with the accidental e, 
and the other having its internal acting conteary to to its accidental e, 
since the value e be very appreciable in the first case, and in 


mum stress a column under « eccentric oad, and to extend i it to the 


case of the practical column under r presumably cer central load. 


in which the column and represents the the unit stress caused by 


he bending moment alone ata distance from the neutral and 


a = the sectional area of the column. 


_ The direct compression on the column section at the same time is 
— = average load per square inch on the sectional area of th 
th — ge per squa ctional area of th 


column, and the total stress in the extreme fibers will therefore be 


al 
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< d | 
a 
a 
wor would probably show a high ultimate 
deduce a formula to express the | 
deterring to the bending moment at the center of the column > 
| 
5 
a 
7 
= 
} 


: = ve the average a ver square inch corres onding to a ven 
or minimum stress F with varying values the other 


factors, but the writer has found it much simpler - and easier to deal t 
the value of the ratio to a given value of 


maximum or minimum stress F, average stress /,, modulus * elasti- 


Ye | Ba and a given value of —. 
Efforts have been made, in connection with most column Te a 


but the writer 


determine the value e of for a given value of 


r r found, in his own - tice, any we in this, and it is 


neve 


a giv en of Either w way is, as a ‘matter of equally 
suitable for the purpose of laying dow na curve to express the strength 
6 


of varying proportions of columns. 
From Equation (5), the general expression for for 


and, the fac by r? 


> 


, we 


and using the R to 
fa 


(fa B 


| 


ail 
— 
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iia 

4 
— 

— 

4 
= 

baximum stress 

yy 
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7 


ising the in kets Equation (6) to 


determine the minim 


which i is easily transformed to 


5 


‘The precise use of these equations (7) and (8) is as follows: | 7 “| is 


‘Let it be assumed that in a given section of column, we decide © 
a certain value of maximum stress or a certain, 


compressive and and — when tensile, irrespective of th of the fixed d signs shown 


q eccentricity of loading actually a adopted, we we , have s at once the value : 
“a RKcorresponding to different values of /,, the di direct load d per square in inch. 


- Both of these formulas 1 reduce ie exceedingly simple terms on the | 


insertion of the physical ‘constants. E, F., or and the value 


of 8 will be seen later in their application. 


4 Formulas 8 (4), (5), (6), (7) and ( ) are all general | expressions appli- 


cable to ‘the case of columns both ends free, ond ot any given 
4 material and form of section, and with any given value of eccentricity 
of loading probable i in practical work wee x 
oa Professor William Cain* came to the conclusion. that, with ¢ an ideal 


column, perfectly centrally loaded, - to the value a by Euler’ a 


ce 
to the material used section of column and 


um fiber stress (NOt necessarily tensile) 
It should be noted here that F, only becomes tensile when the 
maximum tensile fiber stress f, caused by bending is greater than the | 
‘ irect compressive stress /,, and it should also be note a must 7 
. > direct compressive st » and it should also be noted that F,must = 
| 
| 
| 
a 
| 


The value of I assumed = = 10 ins 
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beyond practical possibilities. 


\ ax 2400 000 000 — 75 000 P 


and F: be taken i in 1 units of 10 000 this ‘reduces 


wr 


»” neat this out for or the various values of P,we have the 1 res 
TABLE No. 1. 


P, in pounds. | 4, in inches. || P, in pounds. | A, in inches. 


0.002 || 31 650 31975 | 1.58348 
0.0043 31700 | 0.1268 | 31.980 | 
0.0084 || 31750 | 0. 985 
0.0116 800 | 0. 


| 81609 | 0.06 970 2788 


31850 | 0. 31992 

0.0244 || 31 900 81994 
31000 0.0372 || 31 950 

31 500 960 


T hese ese results nad and it hardly calculation of 


maximum fiber stress to show how - great is the effect. of the small 
"additions near to the ultimate load ‘ie 32 000 Ibs. 

Nig 
and 


_ to a rectangular solid section 3.307 ins. s¢ katy with area nearly 10.94 


qu 
‘ins. and least radius of gyration = 0.955 i1 in. so that the 


im 
PSE... 
from which we have, w hen 
91990..... 


— 

7 formula, a very small increase to this load insures failure of the column. 

Avery similar conclusion can be drawn by applying Formula (4) to 

@ given example, say = 30 000 000, J = 10 ins.*, / = 300 ins., and 

cy of loading far 4 

(6.3988 

— 

cams 

square inch = _ 

3200 

~ 
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A most interesting feature of these figures for maximum fiber mal 
‘7s the theoretic assurance which they give as as to the capacity of long 


“columns to resist fatigue, ev en when en loaded nearly to the crippling 


ity will be: seen n that tl the column would | be uninjured | by an 


a infinite 1 number of loadings v within 10 Ibs. of its ultimate supporting 


‘power. : This, of course, would lonly hold good if the load were imposed. 
without the slightest dy namic effect, impact. 


‘This completes” the investigation ‘of what may be termed “the 
elementary column,” of which, columns | with fixed ends, flat and 


ends, may be considered as merely modifiestions. 
_ It will be noticed that the formulas in each case include a term © 
dependent on the form of column section, the writer at one time 


in the published results of ‘experiments, but the | influence 


factors is is too great and the number of tests on any one form of 


too small to enable this to be done as s yet. 


sufficiently great to make ‘it a paramount fa is very 


small, and in the ¢ great mass of tests hitherto made, the endeavor ‘has 


Deen to: impose the load “centrally ’ must, therefore, substitute 
(see page 34’ 347) ) for in the formulas when applying 


to experiments under central loads. 


‘Under these circumstances, it appears justifiable, in 


_ our present state of know wledge, to consider the factor 
ik 

as of which the value for centrally 

columns be determined from available 

Py _ Attention will be given, next, to the fixed-ended 


experimental records. 


column shown in Fig. section being assumed 
be uniform, | as before. When under 1 oad the te 
% column W ’ W will bend in a double reverse curve similar to that y 


ghown i in the ond the central portion of the colamn HH will 
behave similarly to, and be subject to, the. same laws as a free- ended — 


column. The question be solved, in the font ‘place, is as to the 


proportion of the total length of a fixed- -ended column, which will act i 


= 
— 
point, andl e material e column deait wi in the exampie be a 
= 
— 
a 7 
section 
1 
— 
tm 
de 


= column only (since the other will necessarily behave in a precisely 


similar manner) as in Fig. 8, to a larger 


scale. 


and therefore — = Ms tangent th 


angle of slope set up at the end of the length 2 


the » the ‘portion s of the canti- 
lever considered; ‘and as this angle of ‘slope a 


Fie. 8 
practice exceedingly small, its tangent will 


practically represent the ange i in circular measure. with all necessary — 


accuracy, and the sum of all the exceedingly sn small angles of slope, 


for the full length of the cantilever, will then be acne caen = 


or the angle of slope at the extrome vad of the centiiove: is propor- ee 


tional to t the ares a of the curve 8. 


As before, reasoning and its p equally well to the 


of ‘His is common to both portions of the Carve, 


© eit the slope of each portion is, therefore, the same at this point, 
ee since the tangents at W and V remain vertical and parallel to each 
—— other, in consequence of the axity of the end Wand the symmetry - 7 
whole column around the ‘point are area of the bending 

‘Moment | diagram G H W must, therefore, be equal to the area of the _ 

bending moment diagram KHV. Further, as the column 


‘assumed to be u uniform, a and there is no » bending moment at t 


the WH and H Vreact 


60 points: on side of H mt 


‘inasmuch as both are of the same section, aaa 


one-half, without any reasons being stated. 
=| — 
= — 
— 
— 
— 
; — 
=i 
| upon each other in a 
the two portions at ix 
q | same forces 


From these conditions of equal eur vature and equal area 1 of heme 
moment diagram, it results ‘that the length GH must be e equal to the 
Tength K K H, and each of them will, therefore, be. one-fourth of 
total length of the column, Also the portion tion W Gof Gof the total ‘defiec- 
must equal the KV, and the bending moment at the : fixed 
ends W will 1 equal the bending moment at the center V. 
It is thus determined that ihe length of H H, Fig. 7, 


free. ended column, is one- half the total length \Lo 


column, or, in other w ords, a + fixed- ended column ¢: carrying a given 
eevee is twi ice the length o ofa a free- ended column of the the ‘same section on and 


7, 


7 = This result is based on assumptions of perfect straightness before 
bending, perfectly homogeneous material, and pertoct fixity of ends. 

man 

In practical work some divergence will undoubtedly occur, which 


—— to be allowed for by an assumed equivalent eccentricity ofload- 


Ss ing, as in \ the case of the simple free- ended column already dealt with, | 


a and we we therefore have, for the fixed- ended column: 


tension. 


ure 
the conditions ‘necessary to ensuz 
a 


olute fixity of ends, andi in 


nstruction | the difficulty i is s increased a 


co 


¥ The w riter has found that the 
4 are sometimes held as _ 


heads of, ‘columns 30 ft. high, firm nly togethe 
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| 
bed 1 
: 
4 
im 
| 
= 
| 
il In actual practice the true fixed-ended column rarely, if ever, exists. S { . 
machine, tocomply with 
| 
’ \/ 
examples will probably exhibit this matter in a clearer light. = 
tm 
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_-verticalit) sino, that the found tion blocks on whic 


column rests are very - rigid, that the columns have large well-b 
nd that the ratio — of these columns is very y large, and 


‘Then the imposition of 


in the girder, and of the girder will deviate 
_ vertical to a slight degree, but iam relative stiffness of the girders 


= themselve es, as compared with the e column, being high, the a approxi 


be spaced at 30 = 
: centers, , retaining the same depth 
of girder, 2ft.,and merely increas- -— 
ions t 


ing girder sect btain 


the same value of working unit 


stress, w hile the radius 


column. “Under! these 


, tl leflection of the girder und 


Pak 

load, and consequently the slope of the ends of the girders where ele 

are securely riveted to the column heads, would be increased iene 


heavily stress ed if th hey -joint « ‘connections to the 
and the apparent fixity of end, given by a secure > riveted conn connection, 
would actually be accompanied by severely prejudicial ‘seconda 


Th rod from these examples is that in practical 
“the « degree of ay roximation to fixity of ends depends entirely 


on the relative stiffness the column the members of the 


nds the most. the of the 
ro One of the advantages claimed for riveted _ connections in 


work is that the members are thereby made 


into” fixed-ended columns, and be a accorded higher stresses in 
consequence. 
» 
a 


4 


on any span will caus i 

| 

igh 

— 

| 

| — 

— 

— 

im 
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n of a riveted main | girder of N-type is shown in Fig. 11,_ 


ith connections of wee i ‘members for two ‘panel points, and t 


ask w hether the top boom | fixes 


ends of the vertical posts, or ‘do the posts 
é fix: the ¢ ends of the > panel lengths i in the top 
boom (w hich is is a column between panel» 
points), or are we to rely upon the stiffness — 
of the diagonal tension members to fix both? a, ' "AS 
1 The last can can hardly be considered a reasonable s the 
t heav ily Io loaded portions of the top boom are at the center of the 
span, w vhere also the lightest diagonals are found, and as regards the 
fixing the ends of the panel lengths ‘boom, this al also is 
out of the question, as ‘the stiffness of the is small as 
compared w with the stiffness’ 200 ider 
boom as fixing the ends of the pieone “one under which class bail 
columns are we to 0 place th the eli boom panel lengths? ‘They could not : 
and as they would ‘have to perform — 


the additional duty of the vertical ends, they could net 


non knowledge that heavy secondary stresses. in the 
commonly recognized that these very secondary stresses may totally. 
destroy any ‘imaginary fixit fixity of ends in the e compression members, anc and 
actually place th the members under worse conditions of stress than if 


piv roted end- bearings ¥ were adopted. 


As far as the writer is 5 aware, no ) attem pt has hitherto been made to | 
arrive ata a rational” basis for the strength of flat-ended columns, 


“although th the number of tests of been made with 


4 this class of end- -bearing. Asa rule, the assumption has been made - 
¢ that they act in in precisely the same manner as fixed-ended | columns, — 
and column mulas to cover both in one are frequently 
giver en. Te is quite erroneous, both from a theoretical point of sia ‘q 


= = 
= 
= 
wes _ ended column. Here, again, we have to give consideration to relative a) _ - 
if 
if | y 
‘riveted connections nor to advoc ate either pin or pivote dad end connec-— 
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and from the lence of actual oxperimenta. With fist ends, no otenaile 7 
sae can be » developed at the ends, ar and with fixed ends it has been 


shown that that the bending moment at each end is is theoretically equa. 


om It is clear, then, that so 0 long as no tensile stress is set up ina 
with flat ends, it will behave as a fixed- panied that i is, 


up to the point of loading at which “the stress in the 


column at its ends and center is as shown 10Wn in Fig. 12 . 


tl 


_ when | a small i increase of load o column will most_ 


probably cause failure. 


Fy and ma make F, eq equal to ze we obtein sin the of 


Rat which a given value of f, W will produce a minimum 


zero, we will thus the value of 


F, inserted as of zero value, will give 


what may be called the critical value, 


— 


ad 


‘io cipi- 
ent fat- ended 
columns. 


what value must be given _ the factor —, if the formula is to “7 


ee Tt may be urged that the load producing Ts tension i ‘in any 
given flat-ended column ma may not be the ultimate load; but, ‘as soon as 
tension is to set at the ends of a flat- 


begin to rotate « on their | bearing fac This readily 


| 
4 


considering t the ome of a fixed ended column in which tensile stresses 


— 

a 

— 

\\ 

Fem iia 

— 

| 

- 

Here, again, it is necessary to determine from experimental results 

— 

4 

— 
i been setup at the ends and center, 


into a a column while ‘under we ve would 


load. ‘The 
ruth of this, in peactios, is most elenaly evident in ‘Mr. 
“4 By plotting th the curves | for the two conditions, one for failure by maxi- 
mum compressive stress, and — other for the critical condition of in- 
cipient tension, it is made evident that v with any given section of column, 
5 to: ac certain of R, on the eccentrici ity of 


The writer believes that the value of the difference in the strength 


ith regard to pin- ended columns, it j is quite useless to theorize 


= 


with the view of showing their “superiority to round or pivot ends, x“ 


owing to the. fact that their behavior under load, in a testing 


machine, depends very largely on tl the closeness | of the ‘fit between pin 


hole, the: ‘smoothness or otherwise of the bearing 


_ upon the the presence , either accidental or premeditated, ot a lubricating 
‘medium. 


actual | practice, the vibration i in a ay bridge, ca aused by ‘the 


he 


to 
pore ‘under t the common n variations of stress, must 
gor very fee to. destroy the friction up upon n which depends the s oupe 


‘There is as yet no satisfactory and conclusive site e ae in n prac: 


tical work the pin-ended column can fairly be credited with this greater 
strength, and the practice of i imposing - higher stresses on account of the 


ends is open to g = 


4 This matter 1 ma 


— 
358 7 ‘MONCRIEFF ON THE PRACTICAL COLUMN. 
the Shore in tonainn at the ende wore ont on ag to 
j 
the load, and flat-ended columns below this limiting proportion behave 
a 
4 
> 
é 
7 
| 
¥ 
4 
: 7 
| ac ed with the riveted con-— 


_ ity of f loading on arious n membe 
Any ny additional strength accompa 
mn can only be ebtnined when friction 


bringing int ) play 


his moment of | 
f nly be developed other 
members assembled on the same pin to secondary bending stresses a e 
order to realize a partial fixity of column ends. _ Pay 
or er to realize a partial fixity o coumnends el _ 
— Inan any case, the additional resistance due to partial fixity « of ¢ — in 
pe vended ‘column, it t actually « exists in practical construction, 
mus 


is largely dependent o on the stiffness of those members. The The question 


may fairly be raised w hether or not ‘it would be consistent practice to 


-make an allowance for the secondary + stresses in these other ‘members 


‘if we rely on these secondary stresses to provide 
increased resistance. 


Deflection Formula (4) for Rownsl-Bnded Ce olumns. 


The starting point for the whole of vl foregoing theory and for- 
maulas was the development of this expression for the deflection ofa 


column, and it has already been pointed out that, in practical v 
‘ of the controlling cannot be made subject. to actual 


observ ation , depending as they do on internal conditions arising from 


t history, accidental errors in setting, ete., 


Nevertheless, it is important to have some e definite knowledge 
0 whether the deflection formula bears ‘characteristic features having 


practical — with the results of ‘actual observations in experi- 


which are primarily unknown, and the process of comparison _there-— 


fore consisted of fitting the ealeulated values given by by the formula to a 


the observed deflections, so that it “might be seen whether | curves 
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nection. Among these so-called advantages are freedom from secondary 
and sreater certainty of realizing the ideal condition of central- = 

a nal resistances are set up 

J the bearing, preventing rotation, and thus moment 

| — 

| 
— 

i >. 

“ie a 

| — 
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— 


plotted v with as abecisses ‘om as ordinates have the 


ulus of elastici ty... 
The equivalent eccentricity . 


Wi 
_ - Any ‘small amount of initial curvature capable: of observation, Sg 
4 but not always n noted in recor ds of test and making the total de- | 


- vintion of the column from a straight line = D = 


it was found that the influence of each of these three factors is 
great that very small dev iations: from the estimated values finally 


adopted destroy the agreement betwei een calculation and observation, 


and as, in these values, we are already dealing with very 


‘ould be being observed in any ordinary experiment. 


examples selected for purposes of of omparison 


have taken the tests of round-ended columns 
of Low Moor No. 3 ca cast iron, made by Mr. Eaton 
Hodgkinson, * and | the tests of round- ended 


iron made by by Mr. ‘James  Christie.t 


the of the records ofa deflections. each 


“effective column has been. taken as being 
tance be bet) 


) 0 Ibe., of 


in., y ading; 
Estimated values: { = 0055 in 55 in., nt eccentricit} of loadi 


V= - 0.07 in., probable initial curvature escap- 
-ingobservation, = 


* Recorded in the Philosophical Transactions of the Royal Society of London, for je 2 


—— a 
on > unkno beestimated 
| 
- 

is 

— ends,as 
Examples from Hodgkinson’s Tests of Low Moor, No. 3 Cast Iron. | 

sa 

AS 

i. 

t Philosophical Transactions, Royal Society, London, 1840. e 


| 


a 


-_Dobserve 


I 


nches. 


471... 0.: 25 25 4.0.07 = 
1615... 0.4425 40.07 = 0.5125. 
Ult. load. 1663... 0.5690 4.0.07 = 0.6390.......... 
Test. No. 20, of Table Solid, cylindrical, hemispherical- ended 
‘column, 60.50 length over all, 1.97 ins. diamet say 58.50 ins. 
Ie in.‘ 
Estimated values: = 13 0675 in., V= 0. 


> ab 


Inches. Inches. 


7 386. 0.0287 0. 0287. = 
970. . ..0.0686 + 0 

19 143... .. 0.1943 = 0. 1943... 
21 035... 0.2860 0.2360. . 


219... .0.8740 +0 


of Table "LIT. —Hollow, cy Jindrical, 
sitet: column (Fig. 14), 90.75 ins., length over all, 1.78 ins. external a*: 


diameter, 1. 21 ins. internal dia diameter, ‘say 89 ins. effective length. "Fea 


Core center 0. 19 in. out of 


of ex external circle of column (ascertained 
CIRCLE 


CENTER OF AREA 


after fracture). Center of 0.163 oF 


ut of center of external of 
2 Fria. 14, 


‘Estimated values: 500 000 Ibs., 


tn 
991... 0.0756 + 0.07 = 0.145 — 
; 
— 
— 
4 j Wi ~ ‘= 
= 
| 0.50 to 0.52 
50 = 0.7280........... failed. 
— 
a 
4 
— 
i 


vy) = D calculated. 
ae nches Inches. Inches. 


0.03 = = 0.06186. 


4 


Test No. 5, of Table 
ended column | (Fig. 15), 90.75 ins. length | over all, 2. 23 ins. 


= - diameter, 1.53 ins. internal | diameter, therefore, : say 88. 52 ins. effective 


= Core” center was 0. 135 in, 
of external circle of column 


(ascertained after fracture). Therefore Si 


center 0 of area was 0. 12 head out of center — 


—0. 025 = 0. 
4325 0796 025 = 0. 0546. 
6 341.... 0.1415 — 0.025 = 
8a 357. — 2375 — 0.025 — 


365.... 0.30 085 — 0.025 - 


10 873... 0.4040 — 0.02: 


11 381. 5475 — 0.02: 


12 137.. 7080 — 0.02: 


lind: hemispherical al- 
n (Fig. 16), 90. 5 ins. ago over all, 3. 36 ins. external 
eter, say 87. 39ins. effective length 


wal coe . = 
0.7535 — 0. 5 = 0.7275. 
q 


“4 


— 0.12208 — 0.02 = 

— 0.51441 — 0.02 = 0.40441........049 
— 

‘a 

— 

— 

a 

— & 

0.87 

‘Test No. 
— ended colum a 


= 
‘be 0.067 in. 1. out of center of external 
|——CENTER OF EXTERNAL Cil 
circle le « of column. ‘Therefore, center of Co — CENTER OF Con 


067 


was 0.105 in. out of center of ex- 


915 4 
_ 
Es mated values: — 12 000 000 e=0. 16 in., V= +0. 085 i? 


in pounds. Inches. Inches. “Inches. 


0116 +0. 035 = 0.0466 ....... bent. 
0895. + 0. 0. 1245 
all 1128 +0. 035 = 0.1478 
148 . 0. 035 = 0.1691 . 0.17 
986... 
83 


41 632... 
43 


1. 50 .+1.1750 - 0.085 = 1.2100........ 
No. 7, Ti ound with 


y ns., effective e = 


values: E = 13 250 000 ,e= 0.06 i in., V=— 0. 015 tie 


005 + column bent. 


= load, 


(A 
in fn pounds. 
141 .. 


0.098... 02 


18565... — 0. 015 = 0. 23 
14.461.....0.360—0.015 = 0.345... 0.35 


4900 .....0. 498 — -0. 0.015 = 0.423 ..... 0. MM 


ond. 15 581 — 0.015 = 
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4 ponter after fracture found to E's 5 
= 

— 
» of! 5550 + 0.035 = 0.5900........ 0.59 
528... 0.8175 0.085 = 
- ia 
BT... .0.043 — 0.015 = + 
4 
| 
| 


from Christie’s. ‘Tests of WwW rought- Tron Struts with: 


Ends.* 


= 
I (least) = =ar= =03 ‘a in Xx (0.26)? = 0.02028 in.* 7 


No 204. ‘bar; 1i in. x1 in. x 99.2% 25 26 ins, ongth over all, 1 in. 


Estimated values: 


in pounds, Inches. Inches. Inches. 


100... -0. 0118 + 025 
200... . .0.0296 - 


800.. 0. 0590 - 
400....0. 1169 $0 
500....0.2868 + 0.025 = 
4+ 0.025 = 0. 6214. 


Test No. 205. -bar; 3 ins. x Bins. x 82. 0625 over 
balls and plates, 80.0625 ins., effecti tive e length. 


U7? = 2.58 89. ins. x (0.62 ? = 0.972 25 in. 
‘Estimated values: = 25 000 000 Ibs. ,&€=0.02i in., 


= load, = Dealculated. observed. 


in pounds. 
"a. al 0. 0003 +0. 0. 035 = = = 0. 0353... 


0.0441 


15 000... .0.0168 + 0.035 = 0. 0. 
15. 000....0. 


20 000....0 + 0.035 = 0 


000.... .0.0526 + 0.085 = 0. 
80.000....0. 1122 122 + 0.035 = 
3400 000... 0.3380 + 0.085 = 0.8780...... not recorded; 


load. 34 110....0.3560 0.035 = 0.3910.. Leolumn failed. 


Transactions, Am, Soc. C. E., Vol. xiii. 


hy 
4 
— balls an® 
E 
. 
— 
a 
| 
| 
— 


in, balls platen, 80. 375 ins. 

I= =1,73 sq. ins. x (0.55)? — 0.523825 in. 


= + 0.05: 4 


in pounds. Inches, 0.05 = 0 Inches. Inches. 


500. 00086 + 0.05 = 


8.000... 0. 1097 + 0.05 = 0.1597 
000... 1718 - + 0.05 = 0.2218. 


2270 +0. 05 = 0.277... 
+ 0. 


(0.3200 + 0. 05) = 0. 3700)... 
5120 + 0.03 5) = = = (0. 5620)... 


= 0.53 sq. in. X (0.32) — 0.054272 in. 
"Estimated values: E = 30 000 000 Ibs., = = 0. 05 in., V = 0.08 in 
P= load, W) ) = observed. 
4 


4188 + 0 0. 08 = 0 07 


+ 0. 03 = 0.0884...... 0. 09 
0.08135 0. = 0. 1114...... 0.12 


0.1 
800... -0. 17100 0.03 = 0. 20 = 


.2 200....0. 5606 0. 03 = 


| 0.74000 + 0.08) = 
300)... (1. 04200 + 0. -08) = 


4 

.0.02 20.100 

1200... 

4 

ne 

F_ 

a 
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Test No. 211. —T- bar; 2 ins. x 2 ins. x 63. 1875 i ins. . long over all, on 4 


; J 1- in. balls an and d plates, therefore, effec tive length = 62.1875 ins. Poa 
= (0.95 59, im) x x (0.48)? = 0.175655 in. 

Eetimated values: :B=27 000 000 Ibs., ¢ = 0. 0.10 v= = 0.02 in 


Pex load, (a + v) D ulated. D observ ed. 


-. 500....0.00533 + 0.02 = 0.0253. 
000. ...0.02 02455 + 0.02 = 0.0446. . 
3.000. 0.04 04110 + 0.02 = -0. 0.06 
4.000... .0.06175 + 0.02 = 0.0818... 0.08, 


08860 0. 0. 2 = 


0.25450 0.02. 0.2 
9000.. ..0. 38900 0.02 — 0.4090 
9500 0 «0.50100 +0. 02 = 0.1 
Ult. 9 510... +0. 50400 + 0. 02 = 0.5240.. 
9860. ...0.51600 + 0.02 = 0. 5360... 


Test No. 217 7. “hans, im. x 1 in. 454 ins., long over all, on 1-i 


balls and plates, therefore, effec length = 44.25 


I= ar = 0.3 sq. i in. (0.26)? = = 0.02028 in. in. 
; Estimated values: E= 18 500 000 Ibs Ibs. 7 ,e= =@. 0.037 in 


0123 0.008 = 0. 0. 


Ult. load. -750....0.8675 + 0.008 0.8755 
1800... .2.0250 + 0.6 008 = 2.0330... 


‘ regard to to the ‘value of of ‘the modulus of “elasticity as esti- 


mated for the foregoing comparative ex examples, it hewn be mentioned ee 
ni that Mr. Hodgkinson found from transverse bending tests of the Low 


tmz 
— 
— 
| 
an 
il in. 
800... 0.0842 + 0 008 = 0.08 
1000... 0.0583 + 0.008 = 0.0613.......... 0.06 
1200... .0.0832 + 0.0080 0912..........0.10 | 

1.400... .0.1415 + 0.008 = 0.1495.......... 0 15 

— 

7 De j 
a 


ON THE PRACTICAL 


No. Be cast iron, that E ranged from 13 585 580 to 251 950 Ibs 


and Mr. James Christie* found from b tests s of the wrought i iron 


‘They value | of E E, as found by bending tests, ii is | necessarily that to 


which we must refer i in dealing with column strength a and stiffness, as" 
modulus. of only enters into the column formula 


“ace oun 


may be noted here | that the value of E from the trans- 


verse bending tests on ordinary cold-straightened wrought-i -iron or 7 
steel bars will ill depend upon ‘the position of the points a at which | the 
straightening p press has | been applied. the straightening is done 
“near the center of the span, the value of H may reasonably 
‘expected to come out very low, while the influence of any straighten - 


< 


ing done near the ends of the bars will have comparatively little 


influence on the results obtained. 


In direct tensile tests the position of the points of 


_ will have no influence on the results, which will only be be » affected by 
the amount of straightening to which the bar has been subjected. vw 


This will explain the much greater uniformity in in the results obtaine i . aa _ 


| 
| 


by direct tension, as compared with those obtained by transverse 

ben nding tests, and also w ith those obtained compression tests” 
wher the latitude is given for the specimen 1 to act 


ound or piv voted ends— 


5 F, 
= for failure | by compressive st stress, 


*“ The Strength and and Elasticity of Structural Steel,” Transactions, Am. Soc. C. E., 


+ See results of Mr. Christie's tests in “The ‘Strength and and Elasticity of f Structural 
Steel,” Transactions, Am. Soc. C. E., Vol. xiii, 


= g 
— 
= 
| 
— 
> — 
| 
GENERA 
ue — 


‘MONCRIEFF ON THE PRACTICAL COLUMN. 


Fixed ends. . ..R = twice the values given by Formula: and (8). 
: iew that i 


R= same ‘as “fixed” ends, keeping 
ade zero, in 


Formula (8 ‘ is to be 


‘Hinged sin in ‘upper ‘Same as for fixed ends 


in lower limits, same as for round ends. 


‘ Attention must here be drawn to the fact that Formulas: (7) and (8) 


are not actually two different formulas, but are only simple algebraic : 
transformations o! of one and the same general formula (6), referred to 


the two conditic ons compress ssive stress and by t 


stress, the only other modifications | for their application to 
any of the types , of column prev iously given being due to the con- 


ditions” of end fixing as determining the relative length of columns 
of the same strength, but with different ¢ end conditions 


IY) 
Ww be noticed that there are three fact tors in the formulas to 


The value of F, or or or = = the fiber stress; 
6B ) The value of = 
r 


Ze areful study. of the great variations aoe in actual tests, and of 


«4 com parisons made between actual and | calculated "deflections, 


q apparently indicate very great difficulty in assigning any ‘fixed amend 


a for these quantities for general application, but it must be remembered, j 
6 that ‘it isn not t practically possible to predict the pree ise strength of any — 


~ given column, and that being so, it only remains to endeav or to deter- S 


aaa the limits betw ween 1 which we may expect the e column s strength to - 


lie. Ww ith this in view, using approximately | normal values of E as 


* obtained we tests in direct tension or ' compression, beni values to 


“that the lower limit of column strength is given fairly by the formulas 


;—~ —0.6; and it also appears that the upper limit given by the 


formulas, when = 0.15 is rarely exceeded. 


F,, as give en by direct tests of tensile strength, the writer has found 


able alike to cast iron, wrought iron, mild 
- steel, hard steel, ands one eral kinds of timber, as’ will be seen on refer- 


fs “ence to the various 1s diagrams of column tests sauna 


868. 
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CRIEFF on COLUMN. 
‘It is interesting to note that in the case of solid, round column 


value — = 0.6 for low er-limit corresponds to an 


alent eccentricity of (0.3 X radius of gyrat on), and applying this to a 


ber of where c = 0.5 in., r = 0.25 in., the value of e 


only a small p part, we assume that initial external cust ature 


'; bar, irregularities i in the line of phy sical a axis, ,and the effects of cold- : = 


eng account for say 60% of the total value of ¢, the remain- 7 


be the extreme permissible amount of error 


thing nas specimen, and it becomes apparent h how important such 


8 all errors are in n experiments on on columns, and how very es wn z 


 streng 


‘Strictly speaking, the theory and formulas of this paper 
reper when the loads are such as will not stress the material of the 
column beyond the elastic limit, a condition nm which applies equally 


common theory of. flexure of “solid beams under simple bending. 


- This, howeve er, forms no bar to the | exter nsion n of the e application of the 


“formula for elastic beam strength to cases of ultimate strength h where 7 
, the elastic limit i is exceeded, , provided proper recognition is giv en tothe 
fact that the ultimate maximum fiber stresses ‘apparently developed are 
‘not true values of tensile or but are always much 
“higher than obtained from tests under direct stress, The reasons for 
“en are now well known and need ‘not be dealt with he re. here, _ a 
i is, therefore, considerable jv justification for the application of 


- the column formulas to a comparison with experiments on ultimate Za 


which, in fact, form the only available basis of reference to 


hich the engineer can ‘appeal. 


Differences of opinion exist among ‘engineers as to W hether columns. 


| Rave be designed with regard to the ultimate strength or with i'n 


to the maximum > fiber stress developed by | the working 


mer is abn far the more common 


he, 


7: 


— 

— 

— 

— 
— 

also impresses the mind with the danger of generalizing from 

__ the results of any single series of tests where tl —— 

= 

4 

4 

Tor ion practice. to the existing state 

— 
— — 


ON THE P 


t necessary for any theory and formulas, proposed for use in 
to be compar ered with available experimental evidence. 
In the writer’s view, the more rational method is to design columns 


80 as to ensure that given maximum fiber stresses will not be exceeded 


§ under the working load, while at the | same time taking care to refer to 


_ experimental results, in 1 order t to see that a sufficient margin is provided — 


5 against failure by instability in the longer lengths. 
7 


it would be reasonable: ‘to expect that the values of F, and being 
- maximum fiber ' stresses, would, w hen referred to tests carried to ultimate 
- failure, partake s somew hat of of the nature end value ‘generally accorded to } 
the corresponding maximum apparent fiber stresses determined from 


tests ¢ of ultimate transverse strength of simple solid beams. it is 


however, t to in view that it is — that: 


rapidly. bending moment develope in by the in 


creasing deflection, which must evidently be intensified by any extra 


In the case of beams, of course, the increase in deflection ac accompany- a 


_ing an increasing load has no influence whatever on the bending moment. 
he writer ‘not found it for centrally” “loaded 


the condition of failure by tensile stress, excepting as regards incipient 
tension in flat-ended columns. ns. 
~The maxim maximum | compressive stress i in a column of symmetrical section 5 


always has a greater value i in pounds per  aqeaee inch | than the maxi- 


columns of w wrought i iron, mild or hard steel, , and timber, to ‘deal with 


mum tensile stress, and the » difference betw | the compressive a and 

tensile strengths must be considerable before > tension becomes th the ne 
trolling influence. This is is the case with high-c class cont iron, such 

was used by Hodgkinson i in his tests of Low Moor, No. 3 iron, and the 


_ curves | for failure by tension are therefore plotted on the 


ny 
nor order to discov er, if possible, any special features accompan sD) 
set of tests, the writer has assigned a separate 


to the ‘sets of experiments where the number and range 
, and where this was not the 


Case, individual toute have been given distinguishing symbols 
assist in arriving at a correct judgment. 


— 

3 

vee 

— 


Bis 


Hodg' Tests of Round-Ended, Cast-Iron Pillars, 


‘all Low Moor,No.3lron, 
"EVERY TEST 18 SHOWN ON THE DIAGRAM, 


EXCEPTING 7 ROUND-ENDED, WHICH WERE OF VARYING DIAMETER, _ 
2 99 99 LONGER THAN 320 TIMES 
‘THEIR RADIUS OF GYRATION, 
3 WHICH WERE PURPOSELY | u 
ECCENTRICITY, 
WHICH HAD ONE. 
NUMBER OF TESTS ON DIAGRAM, 
ROUND-ENDED, 54 CYLINDRICAL 
FROM 0, DIAM. 
702.24" DIAM, 
7 SOLID RECTANGULAR 
From 0.77" BY 0.77" 
701.54" BY 1.56" 


FROM 1.74” DIAM. ,EXTERNAL, 
703.36" DIAM.” 
SoLID CRUCIFORM 
3° 3"x 
1 SOLID HSECTION 
3°x 24"x.34" 
79 TOTAL” 


BENDING Tests, WAS 12,585,530 LBS. 
TO 14,251,950 LBs. 


was 13,840 LBS. PER SQUARE INCH, 
eee 220 LBS. PER SQUARE INCH. 
“THE CURVES OF UPPER AND LOWER LIMITS OF STRENGTH 
ARE CALCULATED ON THE BASIS OF 
E= 14,000,000 LBS. PER SQUAREINCH, 


ROTATION, DEDUCTING THE HEMISPHERICAL 
FROM THE GROSS LENGTH, 
VALUE oF oF £fror LOWER LIMIT IS TAKEN AS=0.6, CORRESPONDING _ 

ECCENTRICITY OF LOADING OF 0.3 TIMES THE RADIUS OF 

GYRATION IN THE SOLID CYLINDRICAL COLUMNS, 


fr AVERAGE DIRECT COMPRESSIVE LOAD IN POUNDS PER SQUARE INCH. 


FORMULAS ay LOWER LIMIT COLUMNS. 
ROUND ENDS 48 


fa (ct 8) \fa 


“FoR BY COMPRESSION 


THAT 15,000 LBS, 


280 260 220 200 180 160 140 


_MONCRIEFF ON THE PRACTICAL COLUMN. 371 
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T= 

joo 
it 
ULTIMATE CRUSHING STRENGTH = 115,000 LBS. PER SQUARE INCH, & oF 


4 has already d, the writer has oom unable to obtain 


existing records of experiments. ‘To this influence by 


_ practical evidence it would be necessary to make a large number of new _ 
experiments on suite havi ing widely different values of —, des th 


the s same time to impose the loads with a comparatively large ai and pr pre- - 
determined value of eccentricity, in order to overshadow the relative 


‘influence of what has been dealt w ith ‘in nthe | foregoing Pages 


made self- as far as possible. 
Cast Iron. 
Fig. 1 7. —Representing 79 tests of round-ended columns of Low — 


No. 3 cast iron, by Mr. Hodgkinson. 


_ The tests are plotted to effective lengths, an allowance having been 
an allow 


- made for the rounding of the ends byt taking them as hemispherical of oe 
the same diameter as the bars. a The ends were not actually, hemi- 


pherical in every case, ‘some being somewhat more pointed, but no 


4 


rror of importance is inv volve ed i in the assumption made. 7 are 
“Fig. 18. Repre esenting 96 tests of flat-ended and disc-ended columns 


“of Low | Moor, ‘No. cant ir iron, by Mr. Hodgkinson. 


Tt willl be noticed in this set of f tests on flat-ended slides: that the 


- longer columns, from a ri ratio of 80 upward, do not show so low a 


ad 


_ strength a as is indicated by the lowermost dotted curve for incipient 
tension, but failure at this exitioal point in flat- ended columns is 


ev idenced so strongly in the case of tests of wrought iron and steel 12 


2 that the higher results obtained by Hodgkinson in these tests on _ 

Z iron must be attributed ‘partly to his extreme care, and partly to ‘the 7 

comparative fewn ness of tests of each length, 


. ol These two sets of tests have been abstracted from Mr. Hodgkinson’ 8 q 


a ‘remarkably ‘careful ‘records.* ‘They are the only published records of 


y tests of cast- -iron colt poe she in a consistent and scientific manner manner = 
own character. ‘The values of os of ood per 

ratio - — » have ‘been -ealeu ulated by 


f 

— 
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_ * Philosophical Transactions, Royal Society of London, 1840. 


> 

UMN. 

Hodgkinson's Tests of Flat-ended and Disc-ended 

Cast-Iron Pillars, Low No. 3 Iron. 

EVERY TEST SHOWN ON THE DIAGRAM, 110,000. 
 EXCEPTING 8 DISC-ENDED, WHICH WERE OF VARYING DIAMETER, 
6 WHICH HAD ONE FLAT END AND ONE ROUND END, 
| 7 WHICH WERE REDUCED AT SPECIAL POINTS IN THEIR 

RADIUS OF GYRATION, 

NUMBER OF TESTS ON DIAGRAM, 

65 SOLID CYLINDRICA — 

101.76" DIAM, 


4 SOLID RECTANGULAR 
1” BY 0.25" 
7 HOLLOW CYLINDRICAL 
FROM 1.08" EXTERNAL DIAM. 


DISC-ENDED, 10 SOLID CYLINDRICAL @ 
0.51" DIAM, 


1.53" DIAM, 


Cur 
] FOR IDEAL COLUMN 


BENDING TESTS WAS 13,585,530 LBS. 
THE TENSILE STRENGTH OF TWO CRUCIFORM SPECIMENS WAS 
48,840-LBS. PER SQUARE INCH q 
15.220 LBS. PER SQUARE INCH 
THE CURVES OF UPPER AND LOWER LIMITS OF STRENGTH 


ARE CALCULATED ON THE BASIS 


SQUARE INCH. 


UNDS PER 


= 14,000,000 LBS. PER SQUARE INCH. 
Fe = ULTIMATE CRUSHING STRENGTH 
= 115,000 LBS. PER SQUARE INH 
ULTIMATE TENSILE STRENGTH 
5,000 LBS. PER SQUARE INCH 


vatue oF ££ FOR LOWER LIMIT IS TAKEN AS = 0.6, 


iN PO 


CORRESPONDING TO ECCENTRICITY OF LOADING 


COLUMNS 
VALUE or cf FOR UPPER LIMIT IS TAKEN AS = 0.15 
fa7AVERAGE COMPRESSIVE LOAD IN LBS. 


FIXED ENDS 


5Fi-fy +5 r 


5,000 L 


180 160 140 120 100° 


| 
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MONORIEFF ON THE PRACTICAL COLUMN. 
Fig. 19. ~eematiog 76 tests of cylindrical, flat-ended columns 


_of cast iron of various kinds, by Mr. Hodgkinson. * aos 


One test by Mr. Charnock, at Bradford Techni ical College, eaiaia 
on a hollow cast iron column, Ww ith flat flanged ends.t¢ 


One: test by Pri ofeasor John Goodman, at Yorkshire College, 


— 


“England, on on hollow column with flanged ends.{_ 


=a 


"Fourteen tests on eylindrical, hollow columns, with: flat. ends, made 


by the New York City Department of Buildings. eae 


Fourteen tests on hollow columns columns with flat and flanged aint at 
Total number o of tests on diagram, 106. 


- The — areas, loads per square it inch, radii. of gyration and and 
values ia -— ., have all been calculated by the w writer from the figures 
- given in the records, except for the New York tests, for which the radii 
and ratio only, were calculated. 


pes loads per square inch and radii of gyration calculated for these ; 


refer to the section at the of column length, which 


explain the diver, gence from t 
n by 


results on Fig. 19 refer to tests of columns of various 


_ kinds o of cast iron. n. Hodgkinson’s tests s alone cover 17 different —. 


of widely different compressive strength, in short specimens. No 
/. 3 ‘information is given as to the physical characteristics of the irons used 


in n the other tests plotted on the e diagram. 

a number of of the columns of this (1857) series by Hodgkinecs wate 

subjected to more than one test. They were made long at first, ,and aa 


after being te tested they were cut down in into Shorter columns an and 


15 


> tested, a circumstance still further adding to the difficulty of deriving 
definite laws of strength from these tests. outs 


Regarded as a means of determining the influence of column ‘Pro-— 


portions on ultimate strength, the results of any of the tests plotted _ 


on me 19 are 2 of little value, and a most cursory consideration will 


+ Engineering, February 2Wth, 1896, >= 
Engineering, September,11th, 1896. 
§ Engineering News, January 13th, 1898. 
| Reports, 1887-1888, and Lanza’s Applied Mecha 
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tron Columns Fiat Ends. 
NUMBER OF TESTS ON DIAGRAM FLAT-ENDED 8 HOLLOW CYLINDRICAL 10 FT. LONG (3.819 EXTERNAL DIAM. BY 3.211 INTERNAL DIAM. 
| 
otfa Sa 2 SOLID TRIANGULAR 10 FT. LONG X 3.547 AND 3.47 SIDE OF TRIANGLE (EQUILATERAL). 
FOR FAILURE BY COMPRESSION | 76 TESTS BY HODGKINSON ON 17 DIFFERENT KINDS OF CAST IRON. ae 
ome . : 14 TESTS ON HOLLOW CYLINDRICAL COLUMNS BY BUILDINGS DEPT. OP 
‘ 
3a 


63 SOLID CYLINDRI 1 AM 


= 


_ NEW YORK CITY (1896-1897) 
EXTERNAL DIAM. x 1 AVERAGE THICKNESS X 120° LONG 
E =14,000,000 LBS. PER SQUARE INCH, 11 TESTS ON OLD HOLLOW COLUMNS, SLIGHTLY TAPERED 
Fe = 40,000 LBS. PER SQUARE INCH, — _ FROM ABOUT 3 “AVERAGE EXTERNAL DIAM. X 1% AVERAGE INTERNAL DIAM 


4 


ae TESTS MADE AT WATERTOWN ARSENAL. (1887-1888)  _ 
1 TEST BY MR. CHARNOCK, BRADFORD TECH. COLLEGE, ENGLAND, ON CYLINDRICAL HOLLOW COLUMN 
WITH FLANGED ENDS, 3"EXTERNAL DIAM. X 24 INTERNAL DIAM. X 6 FT. LONG, ® =| 
TEST BY PROFESSOR JOHN GOODMAN, YORKSHIRE COLLEGE, ENGLAND, ON CYLINDRICAL HOLLOW_ 


106 TESTS, TOTAL ON DIAGRAM. 


1 
ae 


420 400 380 360 340 320 260 240 220 200 80 160 140 100 80 60 40 


1 
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7 376 MONCRIEFF ON THE PRACTICAL COLUMN 
Show the absurdity of attempting to generalize w ith ‘regard to any of 


the three principal sets of of this diagram. 2 Nevertheless, these 


are re the most important tests of cast-i -iron columns y yet made, from the 
‘point of view of the ‘engineer, representing, a as they do, all the experi- | 

‘mental evidence at present available to justify y the confidence of the 


designer u using this material in its ualiti without 


definite k owledge or check upon its characteristics. 
It i is w orthy o of note that | prior to the Waturtown tests of 1887 and . 


1888, there wi was absolutely 1 no published experimental e evidence existing 


of the strength of common grade cast- -iron columns of the proportions 
of length to radius of gyration in most common use. Hodgkinson’s 


i tests (1857) did not give results on columns of shorter er lengths than 9 


or 80 times the radius. of gyration, and his tests in the 1840 paper were r 
nm iron of a a comparatively high | class. want has, to a a slight 
extent, ‘been filled by the Watertown tests and the New York 


tests. 


columns ‘which ha ‘been put ie into use any justification the 


loads imposed on them, except a simple faith in Hodgkinson’: 8, Gor- =f 


don’ 's and Rankine’ s formulas, and in the numerous tables calculated | 
therefrom and published in engineering pocketbooks and treatises. <_s 


- The w: writer er does not p pretend that the curves s plotted on on Fig. 19 have’ 


_ any other than a purely accidental correspondence with the a 
‘ 


mental results shown on the diagram. 7 
_ The curves calculated from the formula refer to material of ce 


fixed characteristics, , while the experiments on ‘Fig. 19 


on cast iron of w idely different it grades. 


, and may 


The writer, in in own would care 
) count upon ultimate strengths for common cast-iron ‘col- 


“umns than are given en by the lowest curves on the diagram. a 


Wrought Iron.—Round or Pivoted Ends. ae 


Fig. 20.—Representing 33 tests of round- -ended columns by Mr. 
Christie. * These tests have all been plotted to lengths n measured from 
center to center of hemispherical ends. Christie gives “values of 


based on on extreme lengths. 
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= 
Tests of Round-Ended, Wrought-lron n 
Test » ™ 
| 14 TESTS +» HODGKINSON” SOLID CYLINDRICAL COLUMNS 0.52 DIAM. TO 1.02 DIAM. @ 
=,| FOR FAILURE BY COMPRESSION, 


L COLUMN. | 


Fe = 48,000 LBS. PER SQUARE INCH, 
* = AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE INCH. _ 
NOTE: MR. CHRISTIE STATE® THAT THE IRON WOULD AVERAGE,(IN HIS TESTS) 
49,000 LBS. PER SQUARE INCH TENSILE STRENGTH. 


WITH ELONGATION INS INCHES, 


< 
< 
o 


620 400 440 420 400 320 300 340 280 260 240 


— 
— 


| 


we 


4 In the case of Tests Nos. 297, 22 28 and 229 the ratio — has | bape. 


recalculated from the given in Mr. Christie's Table No. 6 


The values of a for one three te tests wine en in | this table do not do not agree 


ad 
with the lengths and radii of ey yration. val 


r 
* roy ‘Soe. C. E. The sat this wees 


@ . sphere. of 104 ins. radi ius, and the effective length has, therefore, been 


taken t 20} ins. shorter than the length ov er all. — a> 


Fourteen tests of round- ended ‘columns by Mr. Hodgkinson. 


a - Allowance for the round ends, in arriving at effective ve length, has been 


_ made in this case also. The sectional oun: Qealin- ws per square inch, 


of gyration, and values of — have been calculated by the 
— 


w writer from Mr. Hodgkinson’ 8 records. 


‘Total number of tests on smote am, 48. 


0 experiments, 


per 


gross square inch. "Some of the spec imens w were Aeanohendtsoe of two or a 
‘ four pieces tiv eted together, and i in the diagram given by Professor J 


B. Johnson in Materials of Co onstruction,” 
a, to have been plotted for load per net square inch (ther 

- deducted), and they have, ther efore, too high a cae, “This error was 


repeated in in the reproduction of the diagram | by M Mr. Marston in his 


disenssion of Professor Cain’s paper. 


Fig. 22.—This. ‘diagram is simply a combination of Figs. 2) and 
and therefore includes: practically the w whole of t the valle 
"experimental evidence as ‘ive the strengt th of Ww rought-iron columns 


with: both er ends free, and unconstrained, e., with “round” 


** pivot ends”’ and with ‘‘ central” loading. 


¢ Philosophical Transactions, Royal Society, London, 1840, 


Eig ‘The Ideal Column,” Transactions, Am. , Vol, xxxix, pp. 109 to 111, 


met 
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33 tests by Mr. Christ hristie shown on this are Nos. 200 200 to 
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“aan ended columns.t These results represent 
co _ tests, while twenty-two of the results are for single experiment, ‘ne 
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« Wrought-lron Columns, Pivoted (Pointed) Ends. “Central Loadss 


‘TESTS BY PROFESSOR TETMAJER, ZURICH. (SEE TETMAJER'S COMMUNICATIONS) 

41 RESULTS = 22 TESTS OF SINGLE ANGLE BARS 100 * 100 « 2,000 (™m-)? SECTIONAL AREA. 
TEE-BARS, WITH SECTIONAL AREA 1736(m.m.)? To 26006 


“4 » 
a =24 CHANNEL BARS 140 mem, x 60 mim, x 2030(m.m.)* TO mom, 


PAIRS OF EQUAL SIDED ANGLES (70mm. x 70 mm, TO 80mm. 80mm, ) 
RIVETTED TOGETHER 2100(m.m.)? 70 2480(m.m.)? TOTAL SECTIONAL AREA, 
, 


COLUMNS OF FOUR EQUAL SIDED 


RIVETTED TOGETHER 2700( TO 2872(m.m,)?-TOTAL SECTIONAL AREA, 


PAIRS OF TEE-BARS RIVETTED TOGETHER 
2098 (mame)? TO 2660(mm.)2 TOTAL SECTIONAL AREA. 


22 PAIRS OF CHANNELS ( 80m.m. x 45 RIVETTED TOGETHER 
(me 2 18 2 ECTIONAL AREA. 
mm.) 2 TO 2180( mim.) 2 TOTAL SECTIO' 


» TO 48mm. DIAM. 
~m.) 2 TO 1802(m.m.)? SECTIONAL AREA. 


_ LOWER LIMIT FORMULA. 


ROUND ENDS 


_ NOTE: THE WROUGHT IRON UPON WHICH THE ABOVE TESTS 
MADE, SHOWED TENSILE STRENGTH 

Le =46,000 TO 59 000 LBS. 


re J 
: == AVERAGE COMPRESSIVE LOAD IN POUNDS PER SQUARE INCH. 
WITH FROM 8% TO 23.1 


wo 160140 


6 = $2 TESTS » SECTION 1420(m.m.)? TO 2994 (mim, )? SECTIONAL AREA. 


a 


14 TESTS HODGKINSON, SOLID CYLINDRICAL BARS. 
116 RESULTS=210 TESTS BY PROFESSOR TETMAJER, VARIOUS SECTIONS. 


“164 RESULTS=( 258 TESTS) TOTAL ON DIAGRAM. 


Ne 


LOWER LIMIT FORMULA, 
ROUND ENDS 
E =< 28,000,000 LBS, PER SQUARE INCH, — 
Fo = 48,000 LBS, PER SQUARE INCH, __ 


AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE INCH, © 


~ 
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HE PRACTICAL COLUM 


o 


1) 


Ji POUNDS PER SQUARE 


VA 


540 «4520 500 480 460 440 420 400 380 360 4 320 300 280 240 200 180 160 12 
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* Tests th Pivoted Ends. 
_ 12 TESTS BY PROFESSOR BAUSCHINGER OF }-4-BEAM SECTIONS FROM 99. 3m. x 49, 2m.m, 
TO 252 m.m.x 138. 6m.m., WITH SECTIONAL 

FROM 1058 (m TO 6380 
L-CHANNEL BARS FROM 77 x 52.8 
TO 209.6 mom. x 99.4 mm. WITH ek: 
AREA FROM 1638(m.m.)* TO 4440( mm)? 
1) ‘TEE-BARS 57mm, x 28.2m.m. SECTIONAL AREA, 500(m.m.)? 


x 


” 
MITTHEILUNG, XVIII.) 


TESTS, TOTAL ON DIAGRAM, 


FUNFZEHNTES HEFT 


LOWER LIMIT FORMULA, 


ROUND ENDS = 

E = 28,000,000 LBS. PER SQUARE INCH, 
= 48,000 LBS. PER SQUARE INCH. 


7 


= AVERAGE COMPRESSIVE 


PER SQUARE INCH. 


LOAD 


: 
3 


TO 512(m. 


B's 


22 
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MONCRIEFF ON THE PRACTICAL COLUMN. 


xperiments of M. Considére on tang columns 


a attempt made to feel for the os physical axis,” or axis of greatest 


= ‘Tesistance, by ‘moving the pivot en ends out | the geometric axis, a 


experiments on pivot-en ended columns, bu but this the writer 


refinement whieh is entirely ov “out of question in con-— 

struction, — 
‘This objection probably applies also to Professor ‘Bouschinger’s 


> 
sq. i sectional area, toa minimum 
“a 5 sq. em. bar, 5 5.7 cm. 82 cm or r about 0.7 755 89, in. = 
| 
it has been stated that Bauschinger's tests (pivot- 
probably cannot be used as bases of reference in practical ‘work, 
owing to the the refinements probably adopted in in carrying out the tests, 
t -yet it has ssemed to to the writer that a record of them i is necessary to e. 


the completeness | of this | paper; an and a still s stronger | reason for their | 
presentation in in diagram f form lies: in the f fact that in ‘spite of of all the 4 
4 highly skilled care and accuracy bestowed on the tests, , Bauschinger 
did not succeed in keeping the lower tests above the lower limit found | % eS 
in the tests of other exp erimenters, as will be seen on ines to 7 
Fig. 23. —Tw enty -nine tests by Professor Bauschinger o1 on pivot. 


ended columns of wi wrought i iron. 


Fig. 24. Ni ine results, representing eighteen experiments by Profes- 


sor Tetmajer « on pivot-ended wrought-iron columns under int entionally — 


eccentric loads. _ These results are in each case the average of the 2 
ests of two specimens.t It is unfortunate that the record of “4 


individual experiment has not been given by Professor Tetmajer. 


* Considére’s Report on La Resistance au Flambement des Piéces 
! (French Commission des Methodes D’Essai des Materiaux de Construction. Tome iii). 


_ + Fiinfzehntes Heft, Mittheilung, xviii, 
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Tests of Eccentrically Loaded Wrought-lron Columns with Pivoted (Pointed) Ends, 


@ 5 RESULTS OF SR.DOUBLE ANGLE BARS, 90™m.m. x 90m.m. x 9.m.m.=3180(m.m.); MEASURED VALUES 1.256 FOR FIBERS IN COMPRESSION — 


AND 3.126 FOR FIBERS IN TENSION. (RECORD Nos, 14, 15, 16, 17, 
20a “wu 70. m.m. x 70mm. x 8 m.m. = 2100(m.m.) 4 MEASURED VALUES = 1.423 FOR FIBERS IN COMPRESSION 

FOR FIBERS IN TENSION. (RECORD Nos. 

« CHANNEL BARS, 120 m.m.x 55mm. x = 1700(m.m.) MEASURED VALUES 7; = 1.627 AND 1.651 FOR FIBERS IN COMPRESSION | 


ROUND ENDS 
FOR FAILURE BY TENSION. 
r 
28,000,000 PER SQUARE INCH, 


FOR UPPER LIMIT CURVE, FAILURE BY COMPRESSION. 


3 AND 3.5(ASSUMED ), FOR LOWER LIMIT CURVES. FAILURE BY TENSION. 


(340 280 260 


i 


record numbers of results are on the 


tests (non- ~axial), 27 to 34 inclusive, have’ not ‘been 


pl tted by the writer, as they were on bis -bars, 100 mm. x ™ mm, 
7 


x 10 wie | the load imposed ‘eccentrically_ in the line of the 


Greatest rac radius of gyration, while the bars all failed in the direction ot 
i. the least radius of gyration. I It may be anaayen that the amount of | 


the intentional eccentricity i in these tests (N os. 27 to B4) wai was not suffi- 


_ ciently great in any case to ensure that failure would occur by flexure 


the 
in the plane of the greatest radius of gyration, a and the “accidental ” ” 


~ equiv: alent. eccentricity in the plane c of the least radius of g ation 


‘The. examples on the a have been selected for the sole reason 


of loading, and amount of 
Fourteen o of the tests were on pairs of angle bars riveted win to 


form a ma T-s -section, and the remaining fo four were on channel bars. h, e 


In each case the eccentricity of loading was such that the tables ‘2 


om 


‘the T- sections or channels to. the greatest compre essi 
stress, and in consequence, the value of —- was re less when referre : 
to the table faces than when referred to the points of the legs of the 


Ww 


_ T-sections or channels , rendering it necessary to use two di 
values of when plotting the curves by the writer's” 


7 being for failure by y compressive stress in the table faces, — the aati 


fa failure ure by ne points of of the legs. 


‘The of deduced from the s sections and the actual value of 


— 


‘For for Compressive stress. for Tensile stress 


; 


Nos. 14, 15, 16, 17 and 18....... ‘ a 

Nos. 56.and 58 143 
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membered that we are » dealing with 


; The -axial tests made by Tetmajer 


little uniformity to allow of of them being used to ill illustrate the influence yl 7 


of Eccenticlly loaded Wrought-lron Columns, 


5 RESULTS OF SOLID CYLINDRICAL BARS 46 ™.m. TO 46.8 m.m. DIAM. 
WITH ECCENTRICITY OF LOADING = 40m.m, 


MEASURED VALUE 6.84 a 6.96. 


WITH ECCENTRICITY OF LOADING =8C: 


J ce 
‘MEASURED VALUE = 13.68 TO 13.92, 


ror FAILURE BY 


5 


40E Fe FoR 


= 28,000,000 Las. ‘PER SQUARE INCH. 
Fe = + 48,000 ” & 
Fe = — 33,000 » (evastic AS 
ASSUMED 
CE _7 AND 14, RESPECTIVELY, FOR THE. de 
T2 Two SETS OF TESTS ( ASSUMED VALUES ) < 
Sia = AVERAGE COMPRESSIVE LOAD IN LBS. a 
PER SQUARE INCH. 
NOTE : THE TENSILE STRENGTH OF a | 
ABOVE BARS AVERAGED 
51,400 LBS. PER SQUARE al | 
WITH AVERAGE ELONGAT, 
OF 23.7% IN 7.9 INCHES. 
¥ 


AREINCH, 


+ 


N POUNDS PER 8QU 


2 


: 7 


220 200 
Ge 


f eccentric loading combined with the influence of of annie ios of © 


. They do, however, er, ‘most clearly show th the s serious 8 Joss of ae 


«Fig. results, representing twenty tests by 


piv ot- columns under intentionally , 


— L COLUMN. 885 
~ 
i 
a 
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MONCRIEFF ON THE PRACTICAL COLUMN. 


eccentric loads. Each result plotted is the average of two tests. 
‘Shee results are especially interesting, notwithstanding their small 


‘i number, as s the. tests were on solid, round bars of one make o of of iron 


“loading v very and “thus greatly overshadowed “accidental 


were 1a value of = 6.84 to 6.96 


‘Tbs. ‘per square inch, with an ultimate elongation of of 23.7% 3 in 200 200 mm. + 


In this diagram the vertical ites of the load has been made , much 


than i in the other | in a order to the difference 
peer 


In each of me two sets of experiments plotted on this diagram the 2 
- upper curve indicates the loads causing a maximum compressive stress 


mY 


“a of 48 000 Ibs. ised square in crap and the lower curve indicates the loads 


The c curv es s for the conan set of tests have been plotted for a a valu 


= 7, and those bor the lower set for a value of 14. 


Ww rought ‘Tron. —Fixed Ends. 


. Fig. 26.—Twenty-five tests by Mr. Christie on fixe 


of angle has already been made of 


realizing fixity « of ends , in columns, and Mr. Christie remarks in his of 


description | n of his experiments, that the lengths of of the fixe fixed- -ended- 
ae. 


struts were ere measured betwee een the clamps, whereas me point nt of abso- 


lute fixing probably occurred at some place within the ¢ clamps, 


‘the values given for the ratio — would then be too me : 
~ If 


value for hen alue th the 


agreement side the w writer’ 's lower-limit curve and the lower veenbi 


of the experiments would be still more pron 


* “Tetmajer’s Communications.” 
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Tests of Fixed-Ended Wrought-Iron Columns. 
tests by Mr. Jas. Christie on angle bese, MR. CHRISTIE EXPRESSED DOUST 
Tx to 4x TO FIXITY BEING ABSOLUTE. 
UPPER AND LOWER PORE A. 
Enos 2 + fil fy ~ 17 Fa) FOR FAILURE BY COMPRESSION 


a” 


F.=48,000 LBS. PER SQUARE INCH, 


FOR LOWER LIMIT CURVE, 
FOR UPPER LIMIT CURVE, 

77 AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE INCH. 


_ NOTE: MR, CHRISTIE STATES THAT THE IRON WOULD AVERAGE, 
= LBS. PER SQUARE INCH TENSILE STRENGTH we 
2,000 ELASTIC LIMIT 


WITH 18% ELONGATION IN B INCHES, » 


o 
4 
< 
oO 
o 
° 


400° 880 860 840 820 800 220 180 160 


60. 440 420 


ma 
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388 -MONCRIEFF OF THE PRACT ICA L COLUMN. 
These experiments by Mr. Christie oe the only on fixed- 
= columns of which the w writer is aware. It is to be ‘noted that 
Mr. Christie’ s s Test No. 174, with ratio — = 118 (maximum load im- 


= 


#, failure aia not take place. 


Ww rought —Flat E ‘Ends. 


Figs. 27, 28, 29,30 a 30 31. —Tests of 240 flat- ended wrought 


columns. The e diagrams are s self- -explanatory, as far as possible. “Atten- 
is directed to the low results in these teste: of flat-ended 


columns when « of considerable le ngth, owing to their rotating c on their s 


ends. This: mode of » of failure was f 


found by Mr. Christie in in his” tests tests of ee 


‘flat-ended struts, as ays occurring in the longest crete, ond never 
inthe shortest; 


° Fig. 5 32.— -Results of seventy- nine tests of flat-ended wrought-i iron = 
columns of! large size, of various s sections, and b by v arious experimenters, 


‘The | writer has not been able to refer to the o: or iginal records in | 


: “ease, but the sources | nee which the information has been obtained a 


regard the Ke eysto ne ‘columns teste d 


to a Phoenix column, are recorded on the diagram. 
~Fig. 33. —Thirteen tests of w 
Professor Bauschinger. These columns, wh Ww which h had flat ends, a are 


open to the objections raised ‘against the use, as a basis. of reference, ; 

Bauschin er ’s ivot- columns. 
columns. — 


M: woah M. Am. Soc. C C. Et t Sees to Mr. ‘Marshall 8 s tests will 1 be 
subsequ 


= = forty-six tests, total on 


Tetmajer's s Communications.” 
¢ Transactions, Am. Soc. C. E.. - Vol. si 


= 

— 
| 

| ory 
‘ig 

| re 

a 
im 

Re ae sive, and shows the results of 390 experiments (384 results), on 

wrought-iron columns, 25 of the tests being of fixed-ended columns, 

and being of flat-ended columns. This diagram shows 


Eaton Hodgkinson's Tests of Flat-Ended Wrought-lron Pillars. 
Number of tests.on Diagram = 41, 

/ 8 GIVEN IN PHIL. TRANS. ROYAL SOCIETY LONDON, 1840. 

CYLINDRICAL 1.005°TO 1.02°DIAM. 

AS GIVEN IN “CLARK ON THE TUBULAR BRIDGES" VOL. I. 


RECTANGULAR, 1"X 1" APPROX. 
AFEWTEsTsoveR 1.5" 


ATIO 560 NOT GIVEN HERE/ 


£ FOR FAILURE BY COMPRESSION. 


FIXED ENDS —=2 co 


= 28,000,000 LBS. PER SQUARE INCH, _ 
48,000 LBS. PER SQUARE INCH, 

0.6 FOR LOWER LIMIT CURVE, 
= 0.15 FOR UPPER LIMIT CURVE, 


ATING| LOADS_AT_WHICH = 7) 


WORKING 
400 340 320 


540 520 500 480 460 440 420 300 280 


260 


140 120 100 


= 


gsi 8 z § 


7 TESTS BY MR. EATON HODGKINSON, DIAM. FROM 1.5” ,TO 6.37 Lex. CLARK ON THE TUBULAR BRIDGES.) 
44 MR, JAS. CHRISTIE 2.87" AM, SOC. C. E, VOL. Xill.) 
“49 TESTS TOTAL ON DIAGRAM, eee 


FIXED ENDS = RE BY COMPRESSION, 


Teste o of Flat-Ended Wrought-lron Cylindrical Tubes, 
3 
ALA 


= 


ge 


28,000,000 LBS. PER SQUARE INCH, 
2 48,000 LBS. PER SQUARE INCH, _ 
£_0.6 FOR LOWER LIMIT CURVE, 
€850,15 FOR UPPER LIMIT CURVE, 


= AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE INCH, 


| 


NCRIEFF ON 


MO 


820 800 480 460 440 420 400 840 300 86.280 5 


20 


— 
a 3 

: 
| 
Ta IN POUNDS PER SQUARE INCH. a 
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Tests of Flat-Ended Wrought-lron Angle Bars, 
@ 42 TESTS BY MR. JAS. CHRISTIE ON BARS1 x 1x %TO4X 4x (TRANS. AM. SOC. C.E. VOL. Xill.) 


d 
44 MR, DAVIES ON BARS 3 x 3°x (PROC, INST. C.E. VOL. XXX) (TRANS. AM.SOC. 


UPPER AND LOWER LIMIT FORMULAS 
F BY COMPRESSION, 
\[ Fo e ESSION. 


iw 


000,000 LBS. PER SQUARE INCH, 
=48,000 LBS. PER SQUARE INCH, 


cE 
7o=0.6 FOR LOWER LIMIT CURVE, 


an 


fa 


| | | fi 
a: 


A 
=) 
4 
=) 
o 
< 
o 
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| 


= AVERAGE COMPR 


“ ELASTIC LIMIT 


with 18% ELONGATION IN 8 INCHES, 


CRIEFF ON TH 
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Tests of Flat-Ended Wrought-lron Tee-Bars, 
37 TESTS BY MR. JAS. CHRISTIE ON PARS 1"x 1° TO 4"x 4" (TRANS. AM. SOC. C. E. VOL. Xi.) @ 


1 TEST BY MR. DAVIES, ON BAR 3°x 3°xX* (PROC. INST. C. E. VOL. XXX.) @ 


FIXED ENDS =2 


Fo= 48,000 LBS. PER SQUARE INCH. 
¢£=0.6 FOR LOWER LIMIT CURVE. 7 
0,15 FOR UPPER LIMIT CURVE. 


AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE 


RA 


000 LBS. PER SQUARE INCH TENSILE STRENGTH, 


[sare 


420 400 380 840-820 800-280 260 240 «220 200 180 180 140 120 
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‘Ended Wrought-Iron Channels and Beams as Columns, 


16 TESTS BY MR. JAS.CHRISTIE ON CHANNELS FROM 2 TO 6 DEEP _—s) TRANS. AM, SOC. C. 


28 AT WATERTOWN ARSENAL ON CHANNELS 6, 8.10 AND 12° DEEP LANZANS 


FROM DETROIT BRIDGE AND IRON CO. (7 OF EACH SIZE). APP. MECH. 
WATERTOWN ARSENAL ON DEAM SECTIONS,FROM 6.11 DEEP TO 15.15 DEEP) PP 4324 487,00 
©_1 TEST BY MR. DAVIES OF CRUMLIN IRONWORKS ON CHANNEL, 3” DEEP X 1.75 WIDE ( PROC. I. C. E. VOL. XXx,)} — 


48 
FLAT ENDS 7,72 y —4 FOR INCIPIENT TENS! 


: 


= 0.6 FOR LOWER LIMIT CURVE, 


= AVERAGE OOMPRESSIVE LOAD IN LBS. 


NOTE: MR, CHRISTIE STATES THAT THE IRON WOULD AVERAGE HIS TESTS) 
49,000 LBS. PER SQUARE INCH TENSILE STRENGTH, 
$2,000 « « ELASTIC LIMIT 
WITH ELONGATION INS INCHES, 


OLUMN. 


Cc 


4 
= 
A 
° 


NCH TEN 
CURVE INDICATINS. TOWER DEAD LOAD. AN 


360 «6340 «69320 «6300 260 
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50,000 


” ” OF DETROIT BRIDGE CO'S. » ” ” 
OF PHOENIX COLUMNS, CLARK KEEVES & CO, (TRANS. AM, SOC. C. E. v 


AT WATERTOWN (LANZA'S APP. MECH. P. 433) 
” MR, BOUSCAREN (PROC. INST. C. E. VOL.5¢.) 


79 TESTS TOTAI IN DIAGRAM. 


PRER AND LOWER LIMIT FORMULAS. _ 
cé 


ENDS, 


0.6 FOR LOWER LIMIT CURVE. — 


0.15 FOR UPPER LIMIT CURVE, 


AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE INCH, 


j 
KING DEAD. Loan 
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Tests of Wrought-lron Columns, 
» WITH SECTIONAL AREA = 
m.m.)2 AND 2149 (m.m.)? 
3s ANGLE BARS WITH SECTIONAL AREAS = 1327(m.m.)2 TO 1377(m.m.)? 
3 TESTS BY PROFESSOR BAUSCHINGER. ( FUNFZEHNTES HEFT MITTHEILUNG, xviii). _ 
ESULT OF ANGLE BAR 100 m.m, x 100 m.m, = 1530( m m.)? SECTIONAL AREA, 
TEE~ BAR 120 mm. x 60 mm. 2080/m.m.)? 
” ” tH “BEAM SECTIONS 180m.m. 82m." =29 | 


» 
AREA 
TOTAL. 


O20 TESTS OF SOLID ROUNDS, SQUARES AND FLATS FROM %4" DIAM ROUND TO 3.2 
a ( NOT COLD-STRAIGHTENED) BY MR. C. A. MARSHALL ( TRANS, AM. SOC. C, E., VOL. xvii) sie 


40 RESULTS (=46 TESTS) TOTAL ON DIAGRAM. 
FOR FAILURE BY - 
) 


FOR INCIPIENT TENSION, 


c 


NG 
2, 


= 28,000,000 PER SQUARE INCH. 


Fe= 48,000 vw v 
ee 0.6 FOR LOWER LIMIT CURVE, — 


= 0.15 FOR UPPER LIMIT CURVE) 


= AVERAGE COMPRESSIVE LOAD IM LBS. PER SQUARE INCH. 


OUNDS PER SQUARE IN. 


220 200) 160 
RATIO } 


1a, 


MONCRIEFF ON THE PRACTICAL COLUMN 
£ $ 
7 


ns with Flat 


4) CHRISTIE, DAVIES, AND AT WATERTOWN, CHANNELS AND BEAMS, FLAT ENDS. 7 
99 ANGLE BARS, FLAT ENDS, 
HODGKINSON & CHRISTIE, TUBES, FLAT ENDS. : 
CHRISTIE & DAVIES, TEE-BARS, FLAT ENDS. _ 


PROFESSOR BAUSCHINGER, VARIOUS SECTIONS, FLAT ENDS. | 
PROFESSOR TETMAJER VARIOUS SECTIONS, FLAT ENDS. 
MR. C. A. MARSHALL, SOLID ROUND & RECTANGULAR, FLAT ENDS 7 


OLUMN. 


CHRISTIE, ANGLE BARS, FIXED ENDS. 
RESULTS ON DIAGRAM REPRESENT 390 TESTS, 
OF REPRESENT TESTS, 


ce 
—1~ ) FOR FAILURE BY COMPRESSION, 


FOR INCIPIENT TENSION, 


ITICAL 


£ = 28,000,000 LBS. PER SQUARE INCH, 
48,000, LBS.PER SQUARE INCH, 
0,6 FOR LOWER LIMIT CURVE, 
0.15 FOR UPPER LIMIT CURVE, 

AVERAGE COMPRESSIVE LOAD IN| 


A q¢ | | 


240 220 200 180 160 140 120 10 
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Tests of Hinged-Ended Wrought-lron Columns. 
© 50 TESTS BY MR. JAS. CHRISTIE ON ANGLE BARS,1x1'x'%,"TO4x 4x %" 


UPPER AND LOWER LIMIT FORMULAS. 


E = 28,000,000 LBS. PER SQUARE INcH, 
- Fe= 48,000 LBS. PER SQUARE INCH, 
£§ = 0.6 FOR LOWER LIMIT CURVE, sa ; 

= 0.15 FOR UPPER LIMIT CURVE, 

fy = AVERAGE COMPRESSIVE LOAD IN LBS. PER SQUARE wen. 


N POUNDS Inc 


Fy 1 


S NOTE: MR, CHRISTIE STATES THAT THE IRON WOULD AVERAGE , 
49,000 LBS. PER SQUARE INCH TENSILE STRENGTH, a 
32,000 « “ «ELASTIC LIMIT 


18% ELONGATION IN 8 INCHES. 


a - 4a =| = 4 
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| | 
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| 
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=| 
eg 
= 


cally all the data on the strength o of wrought- 


i lu rith fi Is. 


The weokness of flat-¢ ended in the ratios of — 

_ most clearly evident in this diagram. 7 ‘The high strength shown by a 

4 number of columns of ratio — == 80, and under, is also a striking feature, 

and it would appear that columns longer x than | 30 radii of quate (7 4 

af diameters in ey ylindrical solid cannot be expected to dev elop 


= It is evident that i in very short columns the useful Pree strength 
- must be measured by the « clastic limit under deecsrsaiconng and this m may 
yond 


g. 35, —One ma six tote of hinged endea dangles, toes, 


andi beams, by Mr. Christie. Mr. Christie’s account 


his tests, he remarks: ‘The hit hinged-ended tests varied all the way 
4 from the value of round-ended up t to flat-ended. 
~ 4 The w writer | r would extend this to, “ the hinged- -ended tests varied all 
_ the way from the lower values for round-ended - to the ibe higher values — 


7 


The truth of this is on referring to the 


the writer | has nneties the lower-limit curve for round ended columns — == 


6, as on Figs. 20, 21 and 22, and the -upper-limit dotted 


curve for fixed- ne columns with — = 0.15, as on 1 Figs. 26 to 33. 
m: The e high results for wee nee 30 are again evident, and are 


tests on hinged-ended angles, given in No 30 


Sve of Mr. ¢ Christie's extra tests on some sont 
= as given on pages 113 and 114 of Mr. _ Christie’ 8 ‘paper. ; * oo. 
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— 4 Wrought Iron.—Hinged or Pin Ends. 
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a 

— 
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hy 


of the second test “after moving the ends 0.06 in. fem the original 


position was given in Mr. Christie's Table No. 3. The fir first test, a appar- 


a ently central, gave an ultimate strength of 19 400 Ibs. (9 200 Ibs. per 

square i inch), and the second test, after the > specimen 0 0.06 in., 


8 ont 3. The second and third tests on the same bar as in Experi- 


 — = 290. ‘The first test (No. 117) on this bar was — 
; - with 2 2-in. balls and sockets (7 0: 20 Ibe. per square inch), the s second with 


é 1-in. balls and ‘sockets (3 525 Ibs. + per square inch), and the third \ w ith } 


2-in. pins. (4 790 Ibs. per square inch) = 


=. m 4. The second test on the same bar as in Experiment ae 118, ratio 


—_—= = 233. In the case of this bar, the first test result, with ends ap- 


‘porently central, is given in Mr. Christie’s Table No. 3, the strength = 


eing 16 700 Ibs. (8 650 Ibs. per square inch), andi in the second test the | 
ds were moved 0,06 in., , with the the result that the strength was 26 450 


Ibs. (13 700 Ibs. pers aquare 
vs 5. The first test on the same bar as in Experiment No. : 119, ratio | 
= 189, giving a strength of 20 150 Ibs. (8 340 lbs. inch). In 
the case of this bar, the second test, after moving | the be bar 0 0. 07 in. in., w ‘ith 


resulting ult ultimate strength of 38 175 Ibs. (15 770 Ibs. per square inch), 


is that ¢ giv ven in Mr. Christie's Table No. 3. 


he It is not clear why Mr. Christie should have selected the second — 


tests in the c case ao of Experiments Nos. 80 and 119, for insertion in his q 


‘Table No. 3, ‘which otherwise referred to. struts under apparently 


Mr. Christie's extra of considerable on tees, 


tubes, and H-beams, in addition to the few above mentioned, ‘made 
_ most apparent tha that the ) physical axis did not alws ays coincide with the 
geometric axis, and they also showed very 2 markedly how very sensitive 


the columns were apparently i insign: amounts” adjustment, 


ond to variations in sizes of pi or socket. 


MONOBIEFF ON THE PRACTICAL COLUMN. 399 

1, First test, with 2-in. balls and sockets, apparently central,onthe 
bar as in Experiment No. 80, rat 
— 

a 
4 


“MONORIEFF ON THE PRACTICAL COLUMN. 


iron ‘columns ot large size by various 
: not had the adv: antage of referrin g to: the original published records | of. 


most of the tests, and he has been compelled to take the 
ne at second me from the sources acknow ledged on on ‘the diagram, 


‘With regard to the Detroit + Beidge columns, the the results 


been taken 


; _ The results, in many cases, if plotted to the values of — give en “_ 
4 


Mr. Cooper, would differ considerably | from the results as CS on 


the d ‘diagram. This results from the writer's having found that the 


— values of the ratio—’ given by Mr. Cooper, do not | agree ree with oe the 4 


“dimensions of the columns as given by ‘Professor Lanza and 
‘The writer, accordingly, recalculated the values 
using the lengths as given by Professors Lanza and W arren, ok 


a<¢ calculating: the radius oi gyration from the detailed sections given on 


3 


+4 Plate XXVII of M ir. Cooper’ paper, at the time ‘comparing 
carefully the sections as given by Mr. Cooper with the less fully 


detailed sections giv en by Professors Lanza and WwW arren. 

would appear t that M ‘Mr. Cooper has taken the pany radi us 

a gyration in every case, but these columns were pin- -ended, in w 

4 the radius of g gyration at right angles to the | pin was frequently grate 


7 tt than that parallel to to the pin, an and it is this greater ra radius of gyration — . 


3 which should be used, as the columns were practically flat- ended as 


. regards failure in the direction of the least radius of gyration. 7 The fae 
effect of this is that Mr. Cooper’s values of —are in ‘many cases too 


high values of 
ie Iti is worthy of note that a few of these columns did fail by deflect 
i 


ng in a direction p: parallel to the pins, and ‘acting flat- ended 


4 columns, and note as pin- -ended. This ‘draws attention to the necessity 


4 for care in proportioning pin-e in w rhich radius of 


q 
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CRIEFF ON THE 


‘MON 


f Hi inged Ended Columns er Large Size Wrought Iron, “Central Loads!’ 
N OETROIT BRIDGE CO.’ DOLUMNS (LANZA'S APP. MECH. PP 430-431-433) LAT TICED 


(WARREN'S ENGINEERING CONST. PP. 191 TO 195)| I SECTION AND 
BOX COLUMNS, 


7 
: (TRANS. AM. SOC. C. E. VOL. 
By MR. BOUSCAREN INST. C. E. VOL. 54 CLARK ON RY. BRIDGES) 
AMERICAN BRIDGE CO.'S COLUMNS | (PROC. INST. C. E. VOL. 54 CLARK 
9) COLUMN OF FOUR ANGLE BARS LATTICED FJ) ONRy. BRIDGES) 
STROBEL AT KEYSTONE BRIDGE WORKS (TRANS. AM. SOC. E. VOL. PP. 109) 
126 TESTS TOTAL ON DIAGRAM, >: i 
a UPPER AND LOWER LIMIT FORMULAS. 
FIXED enos FOR FAILURE BY COMPRESSION, 


FOR FAILURE = COMPRESSION. . 4 


(COOPER'S AM. RY. BRIDGES.) 


F, = 48,000 LBS, PER SQUARE IN 
f£=0.6 FOR LOWER LIMIT CURVE, 
oF 0.15 FOR UPPER LIMIT CURVE, >. 
= AVERAGE COMPRESSIVE LOAD IN 


PER SQUARE INCH. 


«640 620 500 480 360 340 320 300 2€0 240 220 200 


ve 


PURPOSELY LOADED 
OF CENTER FROM 1.58" 

| To 1.63°0R “TH TO 
OF wioTH OF 
COLUMN ABOUT, 
FROW 0.385 TO 513 OF 


— — 

Tro — 

4 c — 
| 


ase 
j | 


4 


Tests of Wrought-lron Columns, Hinged Ends ‘'Central Loading." 
(COLD- STRAIGHTENED), MOSTLY ON PINS i 
PINS FROM TO 2 DIAM, 
TRANS, AM, SOC. C. E., VOL. XVII, 
@9 TESTS TOTAL ON DIAGRAM a F 
UPPER AND LOWER LIMIT FORMULAS, _ 
FIXED ENDS = 2 4 


- 


N. 


RE INCH, 


E = 28,000,000 LBS,PER SQUARE INCH, _ 

28 = 0.6 FOR LOWER LIMIT CURVE, = 
0.15 FOR UPPER LIMITCURVE, 
Ja= AVERAGE COMPRESSIVE LOAD IN | 
SQUARE INCH, 


jee |_. 


Oo 


» 


IN POUNDS PER SQUA 
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‘ 


Tests of Wrought: Jron Columns with Hinged Ends 


106 or BY MR. JAS. CHRISTIE ON ANGLES, TEES, TUBES, 


126 


TESTS TOTAL ON DIAGRAM, 


‘md — AND LOWER LIMIT FORMULAS. 


FIXED ENDS =2 Fe 


ROUND enos 


&£ = 28,000,000 LBS, PER SQUARE INCH, 
a Fo = 48,000 LBS. PER SQUARE INCH, 7 
$£= 0.6 FOR LowER LimiT CURVE, 
0.15 FOR UPPER LIMIT CURVE, 


ral 
=) 
fa =] 
A 
= 


55 1+ AT WATERTOWN ARSENAL ON SOLID SQUARES(SEE FIGURE 37) ( TRANS. AM. 806. C. E., VOL. XV 
4 
AILURE BY COMPRESSION. 


f Ja = AVERAGE COMPRESSIVE LOAD IN LBS, PER SQUARE INCH, 


CHANNELS & BEAMS (SEE FIGURE 35) ( TRANS. AM. & 


yy VARIOUS EXPERIMENTERS ON COLUMNS OF LARGE SIZE AND OF VARIOUS SECTIONS (SEE FIGURE 36) 
34 et MR. C. A. MARSHALL OF SOLID ROUNDS, SQUARES AND FLATS. (SEE FIGURE 37) 


( TRANS. AM, 80C.C.-E. 


u) 


NDER SPECIAI 
CONDITIONS, 
pee FIGURE 


% 


q 


— 
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pany’s ‘columns were “purposely 


the diagram with a ay 


n 
formed d of a pair o of 10- ng 


on 


Tests of Mild-Steel Columns with Pivoted(= Pointed)Ends. 
“Central Loads.” 
Tests BY PROFESSOR TETMAJER: 
RESULTS = 12 TESTS OF ANGLE BARS 100 = 
AREA EACH. 
RESULTS =12 TESTS OF TEE-BARS 120 m.m. 60 x 1750( mm. 
SECTIONAL AREA EACH, 
6 RESULTS = 12 TESTS OF CHANNELS 140 m.m. x 60m.m,x 2091( m, -. rs 
4 RESULTS = 6 TESTS OF SECTIONS 180 =. =. «82 
BERCTIONAL AREA EACH, 
RESULTS = 12 TESTS OF DOUBLE ANGLE EA. 00 mim. x 80 mim, x 
=2420(m.m.)? TOTAL AREA. 
6 RESULTS = 12 TESTS OF FOUR ANGLES EA. 60 mm. 60 


5 RESULTS =10 TESTS OF DOUBLE TEES GD EA. 

RESULTS = 10 TESTS OF DOUBLE CHANNELS EA. 

16 RESULTS = 15 TESTS OF SOLID CYLINDRIOAL BARS FROM 17.8e.m. 

DIAM. TO 48 m.m, DIAM. = FROM 249(m.m.)? TO 408(m.m.)? 

€0 RESULTS (108 TESTS), TOTAL ON DIAGRAM, AREAS 
THE STEEL USED HAD TENSILE STRENGTH 
: 84,800 TO 66,800 LBS. PER SQUARE INCH, : 


ROUND ENDS, 4.5 


E = 30,000,000 LBS. PER SQUARE INCH, — 
Fe= 64,000 LBs PER SQUARE INCH, = 


Sa= AVERAGE COMPRESSIVE LOAD IN LOS. PER 


on 


320 300 280 260 240 200 180 160 


channels connected on one side by a Plate, and on 1 the other by lattic- 
‘ing. e other Wo we were of the same pe, but with 8-in. channe 
ing. The other two were of the type, but with 8-in. channels. 


4 “The low strengths are worthy of careful attention, as the results - 
were evidently not entirely aue to t 1ese hone columns being of uns m- 


at 


metrical section, but to the p 


since the highest result ra on t the shale diagram was a the sam 

type and proportions as these four columns, but with pins placed at 
% 


the center of area. 


— 

eee If too great a difference exists, the column may be weaker as a flat- | > ; 

ended column deflecting parallel to the pins than as a pin-ended 

column deflecting at right angles tothe pins. 
Four of the Detroit Bridge Com] +4 
= loaded out of axis, and these are plo at 
— that effect. Two of the columns were 
| 

= 

— We | | 4 
4 

— 

— | 

— 
— | 
— 
— 
— 


> 


This diagram ‘represents: : 


 Thirty- four tests of pin- ended -wrought- -iron by Mr. Cc. 


“Marshall; and fifty-five tests of pin-ended ‘wrought- iron columns at 
Watertown ;} a total of eighty-nine 


teste. fs A reference to these will | be 
made w hen dealing with Mr. Marshall’ 8 tests on pin- -ende el 


ceolumms, 


% Tests « of Mild-Stee! Columns with Flat Ends. ‘ “Central Loads?’ 5 | | 1% 


TESTS ON ANGLE BARS x 10 ah AVER. TENSILE STRENGTH 63,400) 
OF BEAMS 3° DEEP, (0.12 CARBON) LBS. PER SQUARE INCH, 


TRANS. AM, SOC. C. E., VOL. XIII, LBS. PER SQUARE INCH). we 
DOUBLE ANGLE BARS. FRom no. 2x 1% 


Ae (TENSILE STRENGTH ABOU 
60,000 LBS. PER SQUARE INCH). 


TRANS. AM. SOC. C. E., VOL. XV. 
‘Bo TESTS BY MR, CHRISTIE, 
A 8 RESULTS «(15 TESTS ) BY PROFESSOR TETMAJER ON VARIOUS 
SECTIONS FROM 845 (m.m.)° TO 2946 (m.m. 


THE. STEEL USED HAD TENSILE STRENGTH 54,800 TO 
66,800 LBS. PER SQUARE INCH.(TETMAJER’S COMMUNICATIONS 
ou ‘TESTS BY MR. MARSHALL ON e0u10 ROUNDS, SQUARES, AND 
«FLATS, FROM 4” ROUND TO 2” FLATS, ALL FROW SAME 
BLOW OF BESSEMER STEEL, NOT COLD-STRAIGHTENED. 
‘TENSILE STRENGTH FROM 65,460 TO 71, 265 
PER SQUARE INCH. 
‘BS RESULTS =(92 TESTS) TOTAL ON DIAGRAM. 


UPPER AND LOWER LIMIT FORMULAS, 


FOR FAILURE BY COMPRESSION, 


SE 
FLAT ENDS 


NEG 


ce 
FOR LOWER LiMiT CURVE, 


FOR UPPER LIMIT CURVE, 


PER SQUARE men 


— 


160 
Fre. 0. 


and 37, and shows results of tests 
iron 


* Transactions, Am. Soc. C. E., Vol. xvii. 


vot om Plate XI Mr. Transactions, Am. 
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‘THE ‘PRACTICAL COLUMN. 


Mild Steel. —Pivoted Ends. 


mi mild- steel columns of various sections. * The remarks ‘made with 


regard to Tetmajer’ pivot- -ended wrought-iron teste, s, shown on on 


apply also to these tests on mild steel. a 


Tests of Mild-Stee! Col ns.Hinged Ends, 


84 TESTS BY MR. MARSHALL OF 1’ SQUARE BARS ALL 
ss FROM THE SAME BLOW OF BESSEMER STEEL 
(resteo FROM ROLLS", NOT COLD- STRAIGHTENED), 
ON STEEL PINS 136°DIAM. LUBRICATED, 
“4 TENSILE STRENGTH NOMINALLY 70,000 
LBS. PER SQUARE INCH, 
(TRANS. AM, SOC. C.E., VOL. XVIII 


FOR FAILURE BY COMPRESSION. 
5 E = 30,000,000 LBS. PER SQUARE INCH, _ 
= 64,000 LBS. PER SQUARE INCH, 


0.6 FOR LOWER LIMIT CURVE, 


bs 0.15 FOR UPPER LIMIT CURVE, 


= AVERAGE COMPRESSIVE IN 
LBS. PER SQUARE INCH, i$ 


= 


‘Mila Steel —Flat Ends. 


Fi 40.- —This diagram represents: 
Twenty- nine tests by Mr. Christie ;+ four teste Mr. Christiest eight. 


“ Tetmajer’s Communications.” 
* + Transactions, Am. Soc. C. E., Vol. xiii. 


a + Transactions, Am. Soc. C. E., Vol. xv. 


— 
— 
— 
— 
* | | | | . 0 a ir 
— 
= 
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MONCRIEFF ON THE PRACTICAL COLUMN. 
= 
results by Professor Tetmajer, * ‘Tepresenting fifteen tests; forty- four 


tests by ‘Mr. Marshall;+ a total of eighty-five results, ninety- -two testes. 


‘Mild Steel. —Hinged Ends. 
y-four t tests of hinged-ended mild-e steel columns by 
Mr. Marshall. t Mr. Marshall stated in his paper that his 1 results indi- 
-eated clear clearly th the law that: 


es The e shetie limit of ee material is the chief factor in determining — 
_ the resistance of struts of ordinary 


or steel, excepting t the 


length made out of wrought iron © 
very | WO 


hardest kinds, and that the two quantities | 

elastic limit in compression and ultimate compressive strength are 

_ identical within a very considerable range of length of columns 


a. Mr. Marshall’s conclusions w were supported strongly by the results 


to warrant the acceptance, in practice, # conclusions, which, if con- 


of his | experiments, but the number of tests made was hardly sufficient — 
sistently app 


lied, would allow the s same e stress upon a wro wrought- = a 
# a column having « a length of 100 times the radius of gyration, | - forone 
of only a third of that t Teng. a 


menters show a ¢ considera able fallin 


with increase of their evidence cannot t be ignored 

in practice; and, judging 


g from the results obtained by Hodgkinson, 
Christie, ‘Tetmajer, with pivot-ended columns in which the 
instuence of fr ‘ictional resistance or fixity of the column ends was” 


») ‘eliminated, the range of length within which Mr. Marshall’s law would - 
apply, i is very limited. 


will be on to the diagrams Fi igs. 876 and 41, that 


Mr. Marshall’s. pin- 1-ended tests exhibited a rapid fall in strength 
in the > longer column, i, @, at the ratios 110 to 120 and over. . This 


points to the probability that columns shorter wae, but 

‘ratios must have been in ‘unstable condition, and were 


yres- 
sive limit” as from flat- hinged-« -ended 


specimens lin. square 12 2 ins. — 2 having a a ratio. _ ats, a 


Table No. of Mr. "Marshall's paper. 
§ Table No. 7 of Mr. Marshall's paper. 


— 
— 
» — 
iim 
4 — 
— 
— 
assisted greatly DY tle Irictional resistance OF the pil-ends, — 
It is also to be noted that the pin-ended tests made by Mr. Marshall! ' — 
— 
nscaictions, Am. Soc. C. E., Vol. xvii, 4 


bars: effected un their loads. na f few of the longer colun 


Mr. Marshall s showed how exceedingly “sensitive they were small 


ed 


adjustments in the testing machine, and some of these are indicat 
on Fig. 41. _A very large increase of strength was obtained by merely 


wok 
moving the ‘specimen small fraction of an out of ite original 


entering, a and by the. simple a application of pressure yat the start of a 
fa column having rati ratio- — =180, in order to cause failure — 
by bending in the opposite to that in which it 


— 


the | strength “was raised from 12 420 to 29 810 Ibs. per r square inch. 7 
This sensitiveness undoubtedly holds, in some degree, f for shorter 


columns as well as as for | longer ones. 


Mr. Marshall’s s comparison therefore fairly be considered as 
‘Feferred t to ‘‘ compressive elastic limit” of the material, but only 


one between the ) strength of certain columns, 41.5 5 radii of gyration 
long, and others of greater length. 
tong, anc ers of greater leng 


_ The flat-ended tests of steel columns made by) Mr. Marshall (Fig. 


40) were, how ever, in compared with short specimens, two sides 


long, f rom tested as co lumns, and it is this 


which lends the grestent strength to Mr. Marshall’ conclusions. 


sit is “necessary to keep in view that even in a short compression 
a _ Specimen, eccentricity of loading will have more or less effect, and an 
— 


ordinary test will only give the average stress on the 


the important p point to be determined as ‘regards ¢ column strength is 


Mr. Marshall also made betw een the 


of his column and the tensile elasti ¢ limit of the same bars as s the 
@ columns, and the result of the comparison in most cases showed a very Me 

remarkable agreement. ks It is difficult, however, to see how any fixed 


relation of equality can exist between the elastic: limit of a tension 


4, 
specimen and the compressive | strength of a column, Ina a tension 


test, any inaccuracy of loading o or lack of straightness does 1 not tend el 
<4 _ increase in influence, w hile in a compression specime! imen, ev even of moderate. 
the is ‘the he case. 


a the curves | plotted on on Fig. 40 it will be noticed that no’ attempt - 
is made to differentiate between the soft steel of Professor Tetmajer’ : 


— 408 -MONCRIEFF ON THE PRACTICAL COLUMN. 
column length quite sufficient to bring in influences which might, to 
a 

a 

— 

— 
— 
— 
— 
— 
— 
— = 
— 
— 
— nan) 


MONCRIEFF ON THE PRACTICAL COLUMN. 


Tests of Hard-Stee! Columns With Flat-Ends. 


@25 TESTS BY MR JAMES CHRISTIE ON ANGLE-BARS. 


TRANS. AM. SOC. C. E. VOL. / 


JAMES CHRISTIE ON DOUBLE ANGLE-BARS 
RIVETED TOGETHER J, 
AM, SOC. C. E. VOL. Xv. 
TESTS TOTAL ON DIAGRAM, 
TENSILE STRENGTH OF STEEL 
100,000 LBS. PER SQUARE 
2 


FOR FAILURE PV COMPRESSION, 


FOR INCIPIENT TENSION, 


E= 30,000,000 LBS. PER SQUARE INCH, 
100,000 LBS. PER SQUARE INCH, 
_| = 0.6 FOR LOWER LIMIT CURVE, 
0.15 FOR UPPER LIMIT CURVE, 
f, = AVERAGE COMPRESSIVE LOAD IN 
‘LBS. PER SQUARE INCH, 


working DEAD LOAE- 


| 

| | | | | — 


tests and the somewhat stronger steel used Mr. Marshall, with 


it may be x remar arked that the complete range of ene Professor. q 


mum of 71 255 Ib 8. per 
n tlh 


nan the range of tensile reidtiory found in = 
Professor Te etmajer’ s tensile tests of one class of wrought iron, in which a 


the minimum and maximum tensile strengths were vely 46 000 


The curves in Figs. 39, 40 and 41, have plotted with 


‘Twenty -Six teste by Mr. Chris four t tests by Chris tie 


that the low orlimit curve for failur 


and is not justified by the 
‘This curve is not dependent i in any way on the ultimate or elastic 


of the but solely on the modulus of elasticity and 
on the value of , and the latter quantity, has been taken the 
same as for all the other Gingreme. ‘The evidence of the more numer- 


ous tests on w wrought i iron is so strong that it does: not appear advis- 


There i is no reason a why hard- struts 
loaded with greater or as having mmunity from 


17 


or 
bends, those at f wrought i iron or 
r—FlatEnds, 


Tests of r Pitch ‘Pine. —The dia 


ts, flat made at Watertown Arsenal. 


* Transactions, Am. ‘Soe. C. E., Vol. xiii, an 
Transactions, Soc. C. E. xv. 
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— i. 
— | 
tensile strength of from 60 000 to 70 000 Ibs. per square inch. 
by incipient tension is too low, 
— é 
— 
— — 
— sion. These have been plotted from the 
figures given in Professor Lanza’s Applied Mechanics,” pp. 664 to 668, 5th edition. 
ce 


Tests of Yellow Pine@Pitch Pine) Columns of Large Size with Flat Ends. . 
@ 69 TESTS AT WATERTOWN ARSENAL, 5.3° SQUARE TO 8.63°X 16.83 RECTANGULAR, — 


SQUARE 8.3"AND RECTANGULAR 10.2°X 10.07," 


120 KIRKALDY, ROUND 5.644°TO 9.78°DIAM., Vie 
99 TESTS, TOTAL ON DIAGRAM. 
UPPER AND LOWER LIMIT FORMULAS. 


ad, 


4. 


ne 
= 2,200,000 LBS. PER SQUARE INCH, 


6,000 LBS. PER SQUARE INCH, 


SE. 9.075 AND 0.15 FOR UPPER L 
= 0.6 FOR LOWER LIMIT CURVE 

h= AVERAGE COMPRESSIVE LOAD IN 
LBS. PER SQUARE INCH, 


5 


J, POUNDS PER SQUARE INCH. 


AT 
LORS 


RATIO - 


‘2% 

— 

— 


ON THE PRACTICAL COLUMN. 
> 
only a are on this diagram. The built tested 


- plotted. si tests by Professor Lanza made at Watertown for bs: 
Boston Manufacturers’ Mutual Fire Insurance ‘Company. The ‘flat. 


tests only are Fourteen tests by Kirkaldy, London, 


The inclusion. ot Kirkaldy’s s tests ate of ite pine in the same pews: 


justified by a of tl the results obtained ‘by Kirkaldy ond 
Lense on short blocks. The com comparison is shown in Table No. 2. 


— 


Round, 9.78 ins. ¢ diameter, 50 ins. long. res 7.70 to 10.46 ins. cipal 


STRENGTH, 


in “ee per r square inch. 
Minimu 
Maximum 
Mean of 8 tests.. 4 eal 


Ce or Euasticrry. 7 


_ Average up to load of 2400 | ay 
Ibs. per square inch. 2000 000 Ibs. | ca j 


‘an 


(Minutes of Proceedings, Institution of (Lanza’ * Applied } Mechanics,” p. 351. 
Civil Vol. liii. p. 158.) = 


44. —Sixty- -Six tests of rectangular fistended white pine 


— 


columns, made at Watertown Arsenal. The single s sticks only y are 
| Plotted on the diagram. The built posts tested have been omitted. a 
Fig. 45. —This diagram represents: 
Thirty-six tests of square flat-ended seas asoned French oak columns, 
by Lamandé;% and thirteen t tests of “square flat- ended Dantzic oak 


mns, 80 


columns, by Hodgkinson, | a total of forty-1 -nine tests. 


s Applied Mechanics,” pp. 651 and 665, 5th edition. 
_ + From Kirkaldy’ 8 Reports (Kirkaldy’s Life) and Minutes of Proceedings, Institution 


 $ Exec. Doe. 12, 47th Congress, Ist Session. Plotted from the figures given in 
La Lanza’ s ** Applied Mechanics,” pages 659 to 662, 5th edition. 
Plotted from the figures given in Hurst's Tredgold’s Carpentry,’ 4, 


— 
tm 
| 
5 B8to 
And 10.20 x 10.07 ins........... 
— 1 
— Mean of 5 tests... 
— 
4 
— — 
— 
4 
— 
— 3 
— 
— 


ENSILE 


Vv 
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_ MONCRIEFF ON TRE PRACTICAL COLUMN. 


ft In attempting to > fit th the curves ‘to these 


of timber columns, the writer has not lost sight of ¢ the poetry! vari 


tion known to exist in the | character o of s specimens of timber, oa 
fromthe same tree, due to a number of causes and conditions to 


whieh i it is not necessary ion allude. a The | tests plotted, how mney are 
7 in each’c case the most important ‘series of which the v writer is aware, 


and t they comprise the most reliable data available for for the design of 


compression members of timbe 


7 ‘There have been other tests made on large-sized timbers, but they 


0 are too few in ‘number to be of use in any endeavor to determine tl 


=. influence of length on column strength. _ Notwithstanding ‘the diff 
‘culties attaching to the | question, , it will be seen from: the diagrams 
4 that the tests do, ina considerable measure, exhibit the general char- 


"acteristics accompanying the tests on the more 
als previou yusly dealt with, 
"materi 
These diagrams complete the comparison tempted to be made 


between the results of tests of ultimate strength and the writer's 


q It it may | be remarked that reference has been made in the diagrams — 
to no less than 1 620 results, sepuenenting 1 789 tests, of ultimate 


_ strength o of columns of cast iron, wrought iron, steel, and tix mber, 


r exclusive of the references t to tests ef deflection. 
whew 


OF THE ORMULAS IN IN Practice. 
The opinion has already been expressed | in the paper ‘that the 


design a and proportioning of columns to carry given loads: should 


based on the 1 maximum fiber stresses allow ‘able, and on the stiffness of 
material, while making reference to experimental results in orde 


to ensure havi ing sufficient margin against ultimate failure. 


2 7 in. order to. put this opinion into practical 0} operation, it is necessary, 


values for the three fundamental factors” in the 


it will n not be necessary, in the case of « si centrally” loaded ecbesatn 


practice to deal with the value of the allowable stress, since 


stress will not be dev veloped or rdina y loads. 


ve The value of ¢ is that. concerning g which our knowledge . must be 


4 drawn entirely from the oompetinans just made with experimental re ; 


EES 
— 
q 
— 
il 
— — 
a = 
— 

— 
— 
| 
— 
— 
— 
— 
— a 

~ 


of Oak Columns with Flat Ends. 
@ 36 TESTS BY LAMANDE ON SEASONED FRERCH OAK FROM pron 2% te. 4% Sous 


HODGKINSON ON DANTZIC OAK FROM 1.02 SQUARE TO 1% SQUARE 
FROM VERY GOOD PLANK, CUT UP ABOUT 9 ee) 


49 TESTS TOTAL ON DIAGRAM 
AND LOWER LIMIT FORMULAS, 


FIXED ENDS 
FLAT ENDS Lea, FOR INCIPIENT TENSION 
r 


E= 1,200,000 LBS. PER SQUARE INCH, 
££. 0,075 AND 0.15 FOR UPPER LIMIT CURV 


QUARE INCH. 


IN POUNDS PER S: 


Ea 


- 
o 
oO 
= 
< 

vA 
A 
a 


RECTANGULAR PILLARS, RATIO + 


— 
— 
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cults, and, the value ¢ of can be atone ce calculated from the 

se section ofc column proposed sed to be u used, yet it ‘appears: desirable in 1 the 


of ” loaded columns that one constant value shoudl be 

a adopted for the quantity =} and judging frome experimental ev idence, 


ol the value to be assigned t to. it should not be taken at less than 0.6, in 
the state of our knowledge. 


, this value of © corre- 
‘sponds to an eccentricity of 0. 3 of the radius 


“approximately those in comm ‘maximum working. fiber 


Stresses in solid beams under tennoverne stress. 
‘With: regard to the value to be given | to E, it must be noted that 


column it is necessary, not only to de the maximum 


whi th it is made, shall also have a quepesae and sufficient 1 margin of safety 


under the loads to be imposed. 


‘The: necessity for this is at once seen by a reference to the weiss 4 
tions of ‘deflection and ‘resulting maximum fiber stresses of a long © 
column, given oe: page +851, and ‘in connection with which it was 


shown that the column would be p per fectly ss safe as regar the: intensity 


7 of maximum fiber stress under a load amounting to over 90% of of the | | 


4 ultimate > supporting powe er. it: 


Now, on reference to Formula (1), the expression for th 


SEI—2PP yx 


i increases directly as the and further, that if wehad 
jis 


> material t to deal with, such that we need Rgheoe no ) thought to the maxi- 


— 
— 
q 
— 
= 
— 
a 
— 
3. ane ? _ stabilitv of the column. as governed by the stiffness of the material of _ 
> 
— 
— 
— 
— 
— = 
— 
— 
eolumn under anv civen 
— 
— — 
| 
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a ‘The » practical conclusion to be di drawn from the foregoing i is that ut 
eccentricity of loading has 0 nothing - to do with the “stability or insta- 
bility of the column, if 1 the condition of instability b be defined as as that 
‘ime occurs when the deflection under load becomes infi infinite. Be 4 


a From this we see that in . designing a column to carry a | giv en lood 
have two totally modes of failure to guard against: 


(1) A failure by of fiber stress 


gsinst failure by instability. 


In th the 


erefore, on correct rational lines 


proportion. our ir ‘centrally ” loaded columns in practice to meet 


= these two ee which are satisfied by using the two formulas: 


* 


where is the maximum allowable of fiber stress, 


P= K—,— for stability 


fy= K 


these formulas ¢ the e material is in most 


ress; 
P= = 24 000 Ibs. per square inch, working | dead str Ss; 
6 for columns in which — =2, and — 
nt of safety against instability, | say 3; 


we will have the working loads: per square ‘inch on solid, cylindrical, . 


-mild- steel, round- ended columns indicated by the | curves in in ‘Fig. 46, 


in w hich, for every ratio —, the conditions are satisfied that then  maxi- 


—— 
— 
— 
te 

We will proceed, th a 
— 

es Thum fiber stress shall not be more than 24 000 lbs. per square inch, = — és 
 @ 


and the wor load shall not be more than one- third of which 


will cause instabili 
tt will be » noticed that, at about ratio — = a awe two curves inter- 
sect, and at this point the factor against ultimate failure, as as compared a 
ity with e experimental result results, is somewhat less than is given either for 
(very short or long columns, and however rational the basis upon 
a which the results depend, the wr writer thinks: that, like himself, other 


would hesitate to heavier loads, in to 


POUNDS PER SQUARE INCH, 


»} 


v= 


80 120 
«RATIO 


0 radii than would» be e considere¢ 


‘Safe for colum uarter of the length, or four times the 24 : 


Again, it may ‘reasona 
"4 a safety against failure by instability ofa long ¢ column to be at least ; 


8 (assuming this fair value), it should follow. that we ‘would not 

* have & mu much smaller value against ul ultimate strength as shown by > oe of 


re 


periment, in the case of columns of ratio — 


7 
— 
— 
a 
— 
— 
— 
— 

— 

— 


Curves of Safe Dead Loads per square inch 

for Centrally’ Loaded Columns. 

Round Ends and Fixed Ends. = 


! 
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“TABLE No. 3.—Worx1ne Formvnas ror ConumNs UNDER ‘‘CENTRAL LoapINc.” 


Working formulas for round-ended or pivot-ended — 


inds per square | Pounds per s uare 
nchdeadload. | inch. NE Fo (£3. - —5) 


CAL 


18 = 1, 8 units. 

i 


Tensile stren 
per squar 


& 
< 
br 


1 = i, 8 units. 


| 


and 1 000 Ibs. for tim 


— 
Saag 
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wth the may b be met easily and | by “using only 


It will be seen that the actual result of this formula i is to give the 


4 ratio - — corresponding to a given average load per square inch for 


materi in which the maximum compressive fiber stress i is limited to 
» and for which the value of the e modulus of elasticity i is taken tobe — 


E, instead of | of the value pertaining te to the material. 


‘ing a a factor of safety r of 8, against ents by instability, i in n the case of 
exceedingly long columns, and the factor of safety against ultimate 
is even between these extremes. 


values F,and K £. 


or fixed-ended columns the va lu ues a= — obtained by the formulas 


Table No. ». to be be do d, orin other mate, 
ublec 


ratio — is the same as for fixed-ended columns, up to the oint when 


cient of safety must_ be inserted in Formula (9), which ‘then 


rae 


except tha that, as we are now sidan with safe working Pann the coeffi- 


— 4 
— 

— 
— 
une 
tm 
| 
— reciable 
influence on the results of the formulas when applied to short columns, 

oe 

— 
— 
__ For flat-ended columns. the relation between the strength and the 
— 

tm 
—— 


co of Safe Dead Loads per square inch 


for‘ Centrally” Loaded, Columns; 
7 a Round Ends and Fixed Ends. 


= 


300 | 2 260 ' 240 | 220 | 180 ' 160 | 140 | 120 OFIXED 


3 


«JIN POUNDS PER SQUARE INCH, 


ied 


| : 


38 


400 


240 220 200 180 «160 «140 «120 100 80 60 40) 


«RATIO: — — OF GYRATION,-£_FLAT ENOS. 


‘Table No. 38 for round- ended columns, of ‘the 
above stated for fixed and flat- ended columns, are shown on various 


diagrams accompanying the paper, and are also’ shown i in Figs. 4 47, 48 bo 


49 and 50, drawn toa larger | vertical scale for eo convenience in use. 


— 

f 1 


flat-ended columns, it must ‘remembered that in a Taboratory 
or te test-r ‘room ona a fixed or or ended column, condi- 


pared with the column mie test, is far greater | is afforded 

bearing or connection in practice, and for this 3 reason it is 

unt, in actual work, upon s1 ‘such high strengths as 7 


‘The only modification with live leads or 
noving loads instead of the dead loads for which h the stresses stresses adopted 
n Table No. ® are > suitable, consists obviously of a reduetion in the 
Pia value of F, or r F, and an increase in the value of . , although | in the : 3 


writer’s practice he adopts the method of increasing t the moving load 


i. by a suitable percentage, dependent on the character of the load, and oa 
pa * then treats the result as a dead-load equivalent. 
UnpER Eccentric Loaps. 


The experimental data, to which reference can be made in regard 
to columns on which the load is imposed with large eccentricity a as 
- compared with the : size of column, are exceedingly few, and as far as _— 
the writer is aware, are limited to the tests by Tetmajer (Figs. 24 and a 


Beis but as the theoretical principles upon which the formulas endl * 


based are those in common use and acceptance in all cases involving 
_ transverse bending simply combined with the influence of direct 
Se 
loading, there can more hesitation i in opplying to 


there is in any case of simple bending. 
ih use formulas i in practice, it t is, not 


‘accidental ” value of as as dealt with in the | case 0 
sumably central loading. 


‘ Phis being the case, it will be necessary to add the value of © = = 


6, as ; determined for chee, the measured 


| 
- 


2 
— 

tions of end fixing are totally diflerent irom those met 1n ordinary 

— 

— 

— 

— 

4 
— 

— 

— 4 

— 

— 

a ag 

ah. 


iter 


value of as the eccentricity and 


and form of the sections which fix the value of 


this way a perfectly recognition i is to the form of 


simple flexure, and the formulas for the relation between the ratio 


and the average load pore aquane inch for a free-ended column carrying 
an eccentric load thus become, for sa safe \ w vorking: loads, a 


+5 


and it must be accorded the minus sign independently of the fixec 


These formulas again reduce to v very simple expressions 1 when th 
values of K E, F, or F, and —i are inserted, as will be seen by the a 


following application to mild steel, using the el values for the — 
various quantities as adopted for ‘ ss “centrally ’ loaded columns. 


Since Since the maximum compressive stress actually developed in a 


in the formula, a as has been pointed out previously). 


~ eolumn of symmetrical section always exceeds the maximum tensile y 
stress, it will not necessary, in the case of mild steel, to use 


Int the case of iron it w ill, of be to use both 


expressions, and to adopt whichever er giv ves ‘the lower value to the ratio 
for any given mad 


— 
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& 
‘The formule, tim, for the follow ving values of +0. 6 


will mild-steel section, carrying dead 


loads, using 10 000 lbs. as a unit for E, F, and /,: 


When 6) = =2,—= 10, 
12—3f, 


- 


480 5 


ae. Couvans TO Loaps. 


“easily traced by: the formulas in the foregoing 4 
‘pages. To illustrate this it will be convenient to take a dir direct example. 
_ Assume a a mild. steel column with h pivot ends, and having the fol- 


100 in. = length; 


is 10 ins. 
= 
2.5 ins., from axis to extreme fibers; 
. Sections tional area = = 10 sq. ins. ; i. 
Dat E= = = 30 000.000 Ibs.; 


and the resulting maximum fiber stress w will 
_ 50000 X25 | 


=,’ 


: be 


pak: 

a 

— 

. 

— 

curves on Fig. 51. 
— 24 will show that in dealing with columns of unsymmetrical section 4 
ae a _ it may be necessary to consider the question of tensile stress, and to Za 

Ad 
— 

= 

— 
— 

— 
itm 
— 
assume the side load to be Ibs., distributed along the 
This will produce a bending moment at the center, a 

— — 
— 


i=} 
< 
oO 
| 


Curves of Safe Dead Loads per square " 
d for Eccentrically Loaded 
i > Mild-Steel Columns, 
 Pivoted or Round Ends. 
NOTE : IN LONG count, LARGE ECCENTRICITY OF LOADING 
18 ACCOMPANIED BY CONSIDERABLE DEFLECTION, — 


160 ed 130 


— 

 * 
— 


to any convenient 
scale, 


Treating es each half of 


the column (or beam) as a 


its central section, the 
the center r will be 


4 


cantilever, with respect to , 


oli 
“where A= 50 000 x 50 ins. x %, and X ‘of 50i ins., and therefore, 
of 


(50.000 x 50 x §) x | yx 


= 0.1736 
~ 80 000 000 x 


it is now only necessary to treat it in precisely the same way as already — 


jinn for a column having a initial curvature, with the - value ca 


‘entral versed sine, » = = 0.1736 in., , keeping in view, v 


its strength as against e end loads, that we have already absorbed 12 


of the allowable maximum fiber stress. 
In the present case it is not difficult to determine the precis 
theoretic form of the curve by the under its 


“side load alone, this curve the e disposition of the load. 


p involving: any serious error, and the justification is s found in in the fact 
4 that, had we assumed the side load to be concentrated at the center, 


assumption of a ‘parabola instead of the precise taken by 


accuracy, and we we may assume ne the curve ve to to be a ‘a parabola, without 


4 pawns 
the bent column would only i involve an “excess, as regards its influence 


_ on the deflection, of a little over 4 per cent. _ As compared with the — . 
> a curve produced by a distributed load, the parabola would have a 


‘much less difference than even at named. 


Toad, 


will be neces 


n the same lines as far as 
and i in n calculating t the 


safe dead 1 load on the contenlly-loaded colum 


ink an hae ame ine w used a vy 


— 
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The side-load bending moment diagram will have a parabolic out- 
central depth being 50000 inch- > 
— 
a 
In order to determine the deflection of the column under end loads 
Ge 

= 

— 
- he column with side 
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80 000 000 _ 10 000 000 Ibs., 

and also a value of = 0.6. 

These same ) values must be used also in the e side- -loaded columns — 


as mounts the influence of the end loads at hak 


‘The v: value of —- = 0.6, in the case of this column with a radius 


an ‘equivalent eccentricity of 


n. n. and 2 an eccentricity of loading 
(with K 


A (e+2 Yr v) i e 


We have already assumed the curve _— the bent column, from both — 


side and end loads, to be a parabola, and the values of 2y; x; and “— 


will each be 5 and, inserting these and 


a values of the other factors in the formula, we have e on 
P x 10000 | 0. 6 x 0am) 


$$ ns., 
(8 x 10.000 000 x 10) — (© Px10000) 9600 = 
elastic deflection of this column under a any ny end load ee 


{ 


ment fr 


from end- side- load 
loads. load bending| a~ bending 
moments. ounc sper moments. 
inch-p yunds. Pounds per inch. | Pounds per 
pounes. square = i 


18 720 0 

20 640 16 12 500 

23 | 2689 | 5670 | 12 500 
‘| 24 880 


42 500 
27 4 ‘| 12500 | 23 110 
29 760 | 12500 | 23940 


co 
0.24 in., and we thus have 
by aversed sine of » = 0.1 = 
0.24 in., and making use of 
4 
— 
= 
for th 

— 
“a 
ne | | 
‘nds, | 0-468 P 
4 


a 
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‘The e bending + moment at t the center of the column, from ona tie’ 
plone, will be M= P(e +04 4) = P (0.24 40.174 4 4 


=P @ (0.414 + 4)i ins. 


“ and now 
resses caused by the end loads, and hen 
with the merino ¢ fiber stress of 12 500 Ibs. caused by the the end loads 


alone, we have the results in No. 4, 


with the presumably centrally ‘loaded column, under the same basis of 


; ‘end load 43 per cent cent. 
4 The calculations ‘will serve to ‘illustrate the proper mode 


; of treating the conditions met with in side-loaded d columns, s 


be trusted toon carry any appreci apprec iable ax amount of side | load o other ‘than its 


The values of and c, and the sectional are 


those of a rolled girder section 12. x5 ins. x 33 lbs. per foot. 
formulas were deduced by the wri riter in 1896 %6 and 1897, for 
- his ¢ own practice, and he hopes that the results given in this ‘paper — 


be found to be fairly in with leading 


mathematician. 


the full of the which may rightfully be expected 


it is “certainly of the greatest importance, in 1 view of 
inferior types sometimes ‘adopted i in ‘present-d day practice. 


9 Of these inferior types the writer w ould enpoctally ¢ draw attention — 


r to one which a appears to be in more common use, and that is, the — 


column with batten- plate connections between the members 
forming the column, as a substitute for a web, 


= 


— 
var 
a 

square inch, the maximum fiber stress reaches the limiting value of a : 
— 
— 
— 
‘¢ = 
rik 7 
= 
a 3 theory and its resulting formulas should comply, at least fromthe — 
— 
— 
— — 
| 


and sade to the illustrations of the failure of ta bridge i in Servia,* “me 
will give ample ey evidence of the the inefficiency of the etype. It Its inferiority 

a be questioned in the case | of columns carrying eccentric loads, : 

f or havi ing ng to resist shearing stresses from side wind-loads as in some of 7 
the lofty buildings constructed in America. 


The v writer is is that i in n these Pages there wil found (ena 


and in their expression, with of others, anc and he desires 


to acknowledge his indebtedness | to the numerous writers 


"papers he has drawn information and assistance, 
Come While, from a strictly mathematical point of view, objections may - 

‘possibly be 1 raised to the reasoning and results in this paper, yet if a a 


‘a close comparison | be made with more highly ana analytical 1 investigations, : 


a it is believed that the differences from the latter will be found to be of © 


little importance i in any practical sense. ‘cattle 


writer was impelled to attempt the of new formulas 


having to design a number of columns to carry heavy loads with 


exceptionally large eccentricity, for which condition he could find no” 


evidence will, it is hoped, be of sufficient value to ) justify the labor © 
ms; involved in its ‘collection, examination and arrangement in diagram 


g, February 8d. 3d, 1893. 1808, 
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‘DISCUS SION. 
a 
ta Mr. Jonson, Emer F. Jonson, Assoc. M. Am. Soc. C. E. (by letter). .—The au author 
at states that the curve of flexure of a column of uniform cross- section — 


elasticity is a curve of sines when the eccentricity of loading 


‘The: writer, ther efore, would call attention to the fact that the ‘nature: 
of the curve is in nowise changed by increasing the eccentricity. Con-— 
a the line in which the external forces act, as the axis 


the equation of which 
Dos. 
J 
where vis abscissa, y D maximum ordinate, r radius of gyra- 


‘For ‘maximum 
‘ 
where a is distance to extreme fiber and s = =p- —w 


i+w, or=t+w p—w>t+u, p being the limit 


tthe sroportiona imi s 
ion and ‘tthe proj 1 limit in tension. ion. 


7 It y is given, the value of e = c+ b, c being the equiv dedi waa 


tric ‘ity, and 6 the intentional eccentricity, « becomes the length of the 


elementary column, i. the column fixed at one ne end and free at the 


Apart from its mathematical form, the foregoing formula ule differs from — 
that of the » author i in that it makes the n maximum load a function, not o 


A 
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As 

patter how eccentricity mav be. the curve js curve of sin 
— 
— 
— 
— 
— when p — w 

| 

So ss When this limit has been passed at the point of greatest bending the 

car | - deflection increases very rapidly, owing to the decrease of the modulus 

on rs of elasticity. If the eccentricity is very small a very small addition to 

4 _— the load will produce an infinite deflection. If the eccentricity is larger, 

extent " beyond the propor- 

| 


THE PRACTICAL COLUMN. 
tional limit larger. ‘Until this “point has been deter- Mr. Jonson. 
mined we must, however, regard the proportional limit as the deter- 
? =f ‘mining factor in calculating the strength of columns. These facts are 
‘mentioned by the author, but he fails to draw the conclusion to which © 


by excessive of fiber stress, , and failure instability. 
accordingly proposes | the use of two formulas (7 and 2), orrather two | 
which the first assumes when the equivalent is 
ro. This is clearly unnecessary. If a column | is strong enough 
certain load eccentrically_ applied, it is also 
; enough when this load is applied exactly in the axis of the column. _ 


; In Fig. 46, the curve of Formula (2) falls below that of Formula (7) 
_ when — —>é& 88. But this is i to the application of a factor of safety 


E in formule. If the s same safety had been 


= 


applied to E in both formulas, Curve 2 would always have been above 


a He The formula here giv en was, as 8 far as the writer knows, firs applied 


the s same as s the Proposes a consent for the 


tion —. This implies that a short column is more _— to be i imper- 


fect than a long one. 

- It seer seems to the writer that the amount of imperfec ‘tion in a column — 
ought to be proportional to the length, hence, since the effect of imper- 
fection is also as the length, the equivalent eccentricity ought to be vai a 


portional to the he equare of the length of the column. 


if were introduced into the cy function of 
formula, it could not be solved wey. _ We will, therefore, sub-— 


stitute the value —, thus making c= , where k is the empirical 


the coefficient of i imper fection, and consequently Equation 


How this agrees with experience, may be seen from Table 
No. 5, which shows the coefficient of i imperf fection of some of the round-— ’ 
ended wrought-iron columns tested by Mr. James Christie. This table } 

seems to show that we come much nearer the truth by assuming ktobe 
a constant than when we make it a variable, proportional aiaal A very 

close agreement, of course, cannot be expected. = 


i 
4 

= 
7 

— 
|| 

q 

= 

= = - 


SR 


seems to the writer that a a of be 
applied to each « of the three empirical constants in the formula, viz. ay 
Ek and p or orf Designating this factor by K, the least of the two 
values K,p— wand K,t+w by 5, 8, we have the formulas for columns 
of uniform cross-section and elasticity in their final form. | b 


One end fixed and one ont | free: 


> 


cos. 

KE. k 


cos. 


28, 
- 


= 
One end one end hinged: 


218 48 | 7-408 4507 225 1137) | 

_ 

@ 
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Jonson. 


Both ends : flat: 


F ‘or compression : Same as both ends : fixed. 


- 


ai C. T. Purpy, M. Am. Soc. C. E. —This is an extremely pr practical Mr. Purdy. — 
subject for engineers who have many columns to dimension or design. 
; In the Astoria Hotel there are about 3 600 separate columns, each of — 
hich had to be especially considered. . Ten minutes given to each | 
would require 600 hours for all « of them. In the speaker's practice 
every column is analyzed; if there are eccentric loads the exact effects — 
. must be determined, and it is therefore important that the methods _ 
should be such as will ‘secure the greatest amount of work in the | the least ] 
ery few who write regar rding column designing realize or appre- 
ciste the importance of eccentricity of loading. The epeaker does not ¥ 
af refer to bridge designing so much as to building work. Most of the 7 
a columns in buildings are short, and therefore the element of eccentric ‘ 
4 loading becomes the more important one. _ The effect of the direct 


bending is of least importance. The effect of eccentricity is rarely — 
lacking, for an even loading is exceptional. From the practical point — 
of view, therefore, the speaker believes that the author’s first state-_ 
ment is the most notable one in the paper. 
There is great need for a thorough series of experiments on eccen- 
a trically loaded columns, , but the task is too great to be undertaken by ; 
a private engineer. So far as the speaker knows, only two ) practical 
™ of eccentrically loaded columns have been ses ee 


— 


column, but for the numerous diagrams ‘comparing the 
- theory, supposed to o apply to crippling loads approximately, w ‘ith the | 
results of 1 789 tests of columns by various experimenters. _ 

oe Assuming the neutral line of the column under eccentric loading 
to be a parabola, the author’s equations (5), (7) and (8), follow 
logically. The writer has called attention* to the propriety of using 


results with ‘the exact formula and finding them identical when as 


— — 

| 
4 
j — 

7 
ad SUCH COLUMNS 1S MOstly Crushing strain, the elemen 
4 
q 
Z 
— 
F 
Theory of the Ideal Column,” Transactions, Am. Soe, C. E., Vol. xxxix, p. 120. 
— 


DISCUSSION ‘ON THE | 


the at the center of the column pivoted at tee. ends, 
from the primitive axis, is compared with the exact result for a 


2 AE. 
Putting 6 = : Al the development « of 6 for those values” 
la = that givea converging series, is found by the differential caleulus: 


— 


On neglecting 6° and higher powers of 6, last formula 


& 


which is sensibly correct when 6 is a comparatively fraction, 


- But this is exactly equal to Equation (2), if the numerator is 


_ divided by the ¢ denominator in the right member and the division 
Hence, the assumption that the neutral line is approximately a 
parabola for small values of — is again proved. The resultisa closer 
_ approximation, likewise, than that given in «Theory of the Ideal 
- Column” where the writer neglected terms containing, 6* and higher ~ 


Of course, the approximate development for 4 could not be used oe 
r for most - ‘the values of — giv yen on the author’s diagrams, and it 

cannot utilized, therefore, in deduci ing the equivalents of (7) ena 


ae 7 “i in fact, there would be no gain in doing so, as the author's 


BOs. 


formulas are briefer than the results corresponding. 
~The most formula is the exact one give | by Ernst 


notation, is, 


— 

| 

Mr. Cain. small. The agreement is still more plainly seen when the author's 

— 

— 7 

— 

— 

tm 

— 

— 

— 

- 

— q 

— 

— 

— 

* See Mr. Marston's Formula (1); Transactions, Am. Soc. C. E., Vol. xxxix, 


DISCUSSION: ON THE PRACTICAL COLUMN. 
_ where a = = (F, — f,) for the extreme fiber on the concave side and Mr. Cain. 
(— F, +f;) | the extreme fiber on the convex side, F, being 
when compressive, — when tensile (page 350), 
Recurring now to application of the formulas in 
(page 414), there is room for difference of opinion as to basing the 
factor of safety on the lower-limit curves of the diagrams, especially © 
v- where the lower-limit curves pass below all the ‘Plotted positions : as 
given by experiment. 
Bids ‘If very small factors of safety are used, then, undoubtedly, the 
-lower- limit curves s should give the basis for the formulas to use in 
ig Bt, or disaster might follow on increasing the loads, as the 
eolumn in question might have a crippling strength near that given __ 
by the lower-limit curve. Thus, if the factor of safety was2and the 
loads were eventually doubled (as happened on “number of 
in this in the pad), the column would certainly be 


Some of the columns will have factors of “safety shave that 


ee given and others below; so it would seem that the greatest economy 
should be secured by basing safe curve upon the average 


4 


marked when for flat-ended columns “the curve indicating the load at | 
which tensile stress commences ” falls far below the results for experi- ; 
i ments, | as in some of the ¢ .dingreene In fact, failure does not begin f for a 


| ae If there is any merit in this contention, then | the objection is more — 


_ such a load for any given column. The case is similar in one respect 3 
to the voussoir arch without joints, when the line of thecenters 
of pressure falls outside the middle third. No tension is exerted on a 
joint where this occurs, but the the compressive stresses are distributed 
according | to a ‘uniformly increasing law, and the material may be — 
strong enough to withstand the maximum stress induced. — Similar a 
in the column, where the resultant force is not too near the edges of Bs 
the end end sections, the maximum stresses in the extreme fi fibers may not 7 
be too great for strength c or stability. allowance, however. should 
_be made here for such cases, and the results of experiments should be — 


‘the main guide. 
Mayer, M. Am. Soe. C. E. (by letter). -—This paper Mr. Mayer. 7 
- avaluable collection of tests of columns, and is an interesting effort 
derive, by means of mathematical reasoning, giving the 


fiber stresses in actual columns. 


The author appreciates the necessity of introdnei sing 
ae in his formulas, for the purpose of allowing for eccentricity 


= 
— 
| 
q 
a 
| — 

ae But if the factor is 4 or 5, it seems safe to take the average — — 
a 
— 
— 
- 

“A 
=e 
4 
a 
i 
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ayer. of loading, it initial iat — make them agree with the tests, 


al 


One of the purposes of the paper is to find formulas or curves for the 7 


ultimate strengths of columns. The curves obtained deviate very far 
from the ultimate strengths of short columns shown by the tests 
The engineer cares most for the strength of columns of a length of ae 
Tess than 150° radii of gyration, and the curves of ultimate strength 
- ought to be approx imately correct for these columns. For all kinds of x? 
steel, wrought-iron and wooden columns it is possible to find straight — ‘ pe 
_ lines which agree better with the actual ultimate strength shown by s 7 
a _ the tests of columns of less than 150 radii of gyration than the 
author’s complicated urves. These straight lines are more convenient 


The engineer desires to use dead loads per square inch aque to 


short steel or wrought-i -iron the elastic limit is 0. Sot 


7 the ‘ultimate strength. . The proper dead load is, , therefore, 0. 0. 


and compression. For longer the elastic limit and ultimate. 


strength are nearly identical. A curve which starts with 0.3 of the 
ultimate strength for columns of no ) length 2 and approaches: half the 4) 


“ultimate strength of long c columns an answers the } purposes os of th engineer. ge 

A straight line, of the equation vu =a— b —, where a = 0. 3 0 of ‘the 


ultimate of t the or Ww iron of which the column i is 


uncertainty of the case More would 
only be justified if they agreed more closely with the tests than do ‘= 
aoe “these simple formulas, which is not the case for columns of moderate — 


length, which are alone used in practice, 


The formulas become, therefore, for om 14 000 — 56 — 5 for 


‘The aati straight- line formulas for timber are as accurate as the Pig 
- author’s formulas. A While the writer, therefore, cannot agree with the — 
author in his conclusions, he highly appreciates the services rendered * x 
- by the latter in collecting the tests —_ presenting his views in such an 
Frye, ALBERT I. Frye, Am. C. E. (by letter). —The author's 
assumption that a deflected column will assume a parabolic curve 
2¢ .ecen llow- 
i. hen subjected to an n eccentric loading is fairly correct and al <3 
able. will be, as he states, somewhere between a of si 


= 

— MrM 

— 
‘ 

a 
— 

> 
— 
— 

— 

— 4 

ial 
— 
— 
— 

a 
— 

— 
— 


deflections will =; 


the center of the beam to 90°. gs ees he obtained pr 
Baler’ 8 formula, 


‘This demonstration is as follows: 


Let w == total weight on the beam; 


= weight to left of section considered; 
maximum intensity of load; 


c= half span = 
+= distance from end to section considered; 


un to center of of gravity of of load to left of 


- 


the value of uw, in (1) and 


The writer found, several years. =. 
(3) - a 
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‘Mr. Frye. ‘The angle of slope ¢ of the deftec cted be beam at any point d distant fro 


ction of 


_B 


12¢c? EI 


ET 


the half span to 90° into parts of a 
. 15° each, and calculating from (3) the bending 1 moments at each : 
section; calling the bending moment at the center of the beam | unity, 
and likewise, using (5) for deflections; calling the deflection at 7 


center of the beam unity, and comparing these results with the 
curve of sines, and the parabolic curve, gives es the results aie in 


T= 45° 


Bending moments. 
Deflections 
Curve of sines.. 
Parabolic curve. .. 


— 
— 
— To find the value of the constant /, 
— 
— at any point distant from the end 
— 

an 
— 0 0,268 | 0. 0.969 | 0.966] 1 
0.262 | 0.501] 0.707 | 0.866 | 0.966 1 
— | 0.259} 0.500 0.707 0.866 By 
— | _0 | 0.806 | 0.556 | 0.750| 0.889/ 0.972) 1 


_ DISCUSSION OD ON THE PRACTICAL COLUMN. 
It will be seen on examination of Table No. 6 that the bending Mr. Frye. 
- moments and the deflections correspond very nearly with the curve 
_ of sines of the theoretical deduction of Euler. As stated by the 


“applet the curve will depart fro om the above ideal agent the 


closely to the calculation, the hes found that, 
for a deflection of unity at the center, in a column 480 units in 
length, the circle and the parabola are practically coincident This 
would tend to show that, so far as the cur ve of the column n is con- 
cerned, the assumption is on the basis 0 of a pr reponderance of eccentric 
loading, since the latter, taken abstractly, would curve the column — - 


the are of a circle, or practically a The assumption, 


therefore, is on t the he side of of safety. 
The bending moment at center section of the ec 


6) 


~ 360 ET ~ 


rom (6a), W = therefore o=— - 600 (Tay 

Substituting this of v in the eq uation M=P 
g this ger 


omitting the minus sign, there i is 


7 


= 836, n? = 9.87 


— 
— 
a 
Ve 
— 
The deflection at t enter section of the mn — atio (5a) 
This proves that a lateral parabolic loac will produce practi- 
cally the same curvature in a column asa direct concentricload Pe 
paper is very valuable in presenting such a collection of tests, 


J. M. Am. Soe. ©. E. (by letter). —The precise char- 
. om of the curve assumed by a bent column is stated in the paper to 
be a matter of small importance, and the writer will go further than 
- this, it is of no practical importance. . This is shown clearly in the 

_ paper in the comparison between the formula (Euler’ s) for an ideal 


_ column and the writer’s formula based on the assumption that the es 


curve i isparabolic, 


As a matter of fact, the irregularities i in the condition of the mate- 
a rial, and in the 
curve to be neither a curve ote sines nor a parabola. 
Ernst F. Jonson’s modification or transformation of Mr. Mars- 
ton’ s formula does not remove it from the category of those formulas © 
7 which are aw kward and inconvenient to use in practice. ae a hee 
A comparison, in 1 actual » ow working out, between Mr. Jonson’s for- 
mula and that of the writer, will certainly convince anyone that the a 
_ simplicity of the latter, in practical work, is very much greater, and 
also that it is, in every practical sense, quite as correct. _ There is 


nothing to be gained by introducing unnecess 


a ments which have little or no influence on the r “i 
‘* Apart from its mathematical form, the foregoing seneele (Mr. 


_ Jonson’s) differs from that of the author in that it makes the — 


load a function, not of the ultimate strength of the material, but of the | 


proportional limit” 
a... There i is no difference bet ween the he formulas i in this respect, as each — 
is based on the primary assumption that the material dealt with is 


Mr. Jonson probably means that he, personally,’ does not approve 
at taking the maximum load to be a function of the ultimate te strength — 


77 
e 


q 


— 


~ between the results of calculation and the records of tests carried to — 

ultimate column failure, are not values of the ultimate compressive | 

strength of the material, but are only moduli of column rupture: sia 

lines 18 to 28 of page e 369 

The writer is very glad to have Professor Cain’s. appreciation 
§ the theory of the paper and of the formulas deduced therefrom . His 

_ suggestion, that the greatest economy should be secured by basing the 

safe load upon the average tests, however, appear to the 


Reference to the diagram (Fig. showi ing ‘the: tests of wrought-— 


_ iron flat-ended columns, will show that, between the proportions of 
— = 40 to 490, a a number of spuslegh close to the 


the paper, the given to F, in making the comparison 


— | = 
— 
= 
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— 
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ON THE PRACTICAL COLU y 
doubts can be cast upon the care and accuracy of the exy rimenters Mr. Moncrieff. 
who carried out these tests, it must be recognized that the lesson Ce 
which these results teach is, that, in columns of these proportions, 
greater ultimate strength cannot be safely counted upon. pe ee a 
a ; _ Why, then, should engineers soothe their minds with the hope that 
the strength may happen to be considerably higher? No vere oe 
can result from such a pr ocedure. q 
‘The writer is m much obliged to Mr. 0 Hanly for the trouble h he has 
taken in checking over some of the computed deflections. “The results : 7 
caused the writer to have an entirely independent check made of the i 
working out of the calculated deflections, and, while it was found that 7 
Mr. O’Hanly’s figures could not be entirely accepted, his criticism has . Sa 
resulted in several errors being discov ered and corrected.* 
Ih reply to Mr. Joseph Mayer’s remarks, the writer desires to dis-_ 
claim that ‘one of the purposes of the paper is to find formulas or 


curves for the of The writer’ 


“of the paper, and, in order to justify the theory and its resulting a = 

mulas, they were compared with the results of practical experiment. 

~The results of the ihe comparison scarcely warrant Mr. Mayer's critici ism 


‘The cur ves obtained ¢ deviate very far from » 

of short columns shown by the tests. The engineer cares most for a 

the strength of columns of a length of less than 150 radii of gyra- E a 
tion, and the curves of ultimate strength ought to be approximately > 


correct forthesecolumns.” == 
; Attention is called to the ogee of t tests of the materials which a 


2 22; all the ‘Chief Tests Wrought- Iron Columns w ith 


Round and Pivoted Ends. 
At >= about 46, low 600! per square inch below > 
1100 “ per square: inch below 


lowest tests. 


lowest tests. 
200 square inch above 
lowest tests. 
2 2 000 square inch a above 


lowest tests. 


___* This refers to the discussion by J. L. Power O’Hanly, M. Am. Soc. C E., which was | 
published in Proceedings for August, 1900, but is not Teproduced here, the revision of 


_ the paper making it unnecessary. 
7 
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Exccentri ic Loading of W “rought- Tron ‘on Bars. 
a 


‘From 44 | The tests are two eurves 


which, at their point of maximum deviation, 


to ratio = 342! 3 700 lbs. per square inch apert. 


46 The tests lie between pairs of curves which are 
only 600 Ibs. per square inch | apart at the 
to ratio — = 18 
ig. 26; Tests of Fi.ced- Ended Wrought-Iron 


For — 43, lower- limit curve is ri 400 Ibs. per square inch below _ 


200° square inch h below 
est test. 
1 600 per square inch below | 


++ 


400 per square inch below 
test. 


square inch above 
lowesttest. 
00 «per square inch above 
lowest test. 
a 300 om per square inch above 
lowest test. 
4 400 square inch above 
Fig.. 34; the Tests of Flat Ended W ‘rought- Iron 


n this diagram the lower-limit curve from 40 to - to — giv 


avery fair line for the lowe tests for the great range fost mentioned. 


Between — = 40 and — - = 150 there i is one te test, i. e., , at 125 125 about, 


which is 3 600 Ibs. per square inch below the writer’ 8 curv and there 


of these is 2 500 Ibs. per square inch curve. 


Does Mr. Mayer mean that the writer has overestimated the 
ultimate strength of these columns up to 150 radii in length? if 80, 
would he regard the estimate of strength recommended by 

Professor Cain, i. e., the average of all tests, which would be very 
4 much than the writer’ securve? 


ee, 


DISCUSSION ON THE PRACTICAL COLUMN. | 
Mr. Moncrieff. Fig. 24 
— 

— 
q 
— 

q 

4 
a 

4 — = 

Columns. —It is unnecessary to take figures for this diagram. The lower- 

= 


DISCUSSION ON THE ‘PRACTICAL COLUMN. 


limit curve drawn by the writer runs } almost ar ae the whole of the mr. Monerief. 


lowest tests, with o one —— ion, i. ey that at — 


“ment i is not only for tests up to 150 radii in aa but extends | from 


Fig. 3 39; ‘Containing all Tetmajer’s Tests of Mild-Steel Columns with 


Pivoted Ends. _—From — = 30 to 


the great divergence “ the lower- limit ¢ curve from the: tests, vefeered. 


Fig. 40; Flat- Ended Mild-Steet Columns. —From 1 = 25 to— = 


r = 


the lower-limit curve drawn truly be said to any 


Fig. 41; Mild-steel; Hinged Ends.—Can Mr. Mayer, or any other en- 
_gineer, draw ‘through | these tests a straight line which be a fair 


guide in practice? If a column | at has a strength of 45 000 


lbs. per eqnene inch, why should another column at — = 125 have 


¥ Why should columns of from 55 to ‘110 radii long be | 
- the strengths shown by the tests on this diagram, when ‘columns very 


longer, of the same material and by the same experimenter, 


—— 


_ Are Mr. Mayer’s straight-line formulas to be applied to column 
_ with pivoted ends, hinged ends, 1 flat ends, or fixed ends, indiscrimin- 


_ The idea of the paper was s to | give a general theory, with simple : re- 


- sulting formulas, which “should have a wide range of application to 


cover the conditions met in engineering practice.” 
_ No straight-line formula can fulfil this condition, or be applied 
_ to the varying cases of eccentric loading, or to cases where there are 
loads or exceptional forms of | cross-section. 
In conclusion, the writer heartily thanks those w ho have discussed 


‘the pe for their very kindly expressions of approval. q a 
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